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ABBREVIATIONS 
A595 Turbidity (Absorbance) at SSSnm 
ATP adenosine triphosphate 
BSA bovine serum albumin 
bp base pair 
cdc cell division cycle 
DNA deoxyribonucleic acid 
cs cold-sensitive 
DYE dithiothreitol 
EDTA ethylene diamine tetra-acetic acid 
EMM Edinburgh minimal medium 
IPTG isopropylthiogalactoside 
kb kilobase 
ME malt extract 
mANA messenger RNA 
nt nucleotide 
pre-mRNA precursor RNA 
RNA ribonucleic acid 
sos sodium dodecyl sulphate 
Tris tris(hydroxymethyl sulphate)methylamine 
ts temperature-sensitive 
Xgal 5-dibromo4-chloro3-indolvlgalactoside 
YEA yeast extract + adenine medium 
YEPD yeast extract, peptone, dextrose medium 
ABSTRACT OF THESIS 
The cdc27 gene of Schizosaccharomyces pombe has been isolated on a 
recombinant plasmid by complementation of a cdc27 mutant. Genetic 
evidence demonstrated that the cloned sequence contains the authentic cdc27 
gene and not an extragenic suppressor: 
The cloned sequence directs integration of a plasmid to the cdc27 
chromosomal locus. 
A subclone of the sequence can rescue two mutant alleles of cdc27 by 
plasm id-mediated gene conversion. 
The cdc27 gene encodes two transcripts of '-2200nt and -1400nt; the smaller 
transcript is '-9x more abundant than the larger transcript. The expression of 
the two transcripts was investigated in wild-type and wee mutant (weel and 
cdc2w) strains, since the cdc27 function is completed earlier in the cycle in 
weel mutants. The level of the transcripts is hardly affected by the wee 
mutations. Therefore, it is unlikely that the wee? + or cdc2 + gene productè 
are transcriptional regulators of the cdc27 gene. The expression of the cdc27 
gene through the cell cycle was investigated in a synchronous culture. The 
cdc27 transcripts are not expressed in a periodic manner. 
The DNA sequence of a 3143bp BamHl-Hindlll fragment containing the cdc27 
gene was determined. Analysis of the sequence indicated that the cdc27 gene 
is split by seven introns: six within the coding region and the seventh in the 3' 
untranslated region. The deduced amino acid sequence of the cdc27 gene 
product predicts a protein of 335 amino acids with a molecular mass of 38076 
daltons. The sixth intron does not contain an in-frame stop codon and could 
encode another 13 amino acids if it were not removed from the pre-mRNA. A 
computer search of the NBRF Protein Sequence Database indicated that the 
cdc27 protein is not a homologue of any known protein. The biochemical 
function of the cdc27 gene product remains unknown 
The 3.1kb BamHI-HindIII fragment containing the cdc27 gene promotes high 
frequency transformation of S. pombe suggesting that there is a ars element 
closely linked to the cdc27 gene. The DNA sequence revealed a perfect match 
to the S. pombe ars consensus sequence outwith the coding region at the 3' 
end of the gene. 
Interactions with other genes were investigated in two ways: 
Preliminary results indicated that cdc2w mutations, as well as weal 
mutations, advance the transition points of cdc27 mutants. It is argued from 
these and other results that the cdc27 gene product may be a substrate of the 
cdc2 protein kinase. 
Extragenic revertants of cdc27 mutations were isolated with the aim of 
identifying interacting gene products. One of these revertants (csR27-P1 1) has 
a cs phenotype and may have a cell cycle defect. 
CHAPTER 1 
CHAPTER 1 - GENERAL INTRODUCTION 
1.1 THE EUKARYOTIC CELL CYCLE 
The cell cycle is "the period between the formation of the cell by division of 
its mother cell and the time when the cell itself divides to form two 
daughters" (Mitchison, 1971). The cell cycle defines the life history of a cell 
and is the fundamental temporal unit at the cellular level. 
Most of the early research on the cell cycle was concerned with the 
segregation of chromosomes at mitosis (M) and the subsequent separation of 
the two daughter cells at cytokinesis. Both of these events could be studied 
by light microscopy of living cells. Slight attention was given to the period 
between successive mitoses, the interphase, during which little of interest 
could be discerned by conventional microscopy. Since interphase occupies 
most of the cycle and cells usually double their cellular components between 
successive divisions (balanced growth), this period was thought to be simply 
when cell growth occurs in preparation for mitosis and cell division. In the 
early 1950s it became apparent that the genetic material, the DNA, was 
replicated during a discrete part of interphase, the synthetic or S phase 
(reviewed by  Mitchison, 1971). The gaps before and after S phase were 
termed the. 01 and 02 phases respectively (Howard and PeIc, 1953). Thus a 
typical eukaryotic cell cycle follows the temporal series: Cl - S - G2 - M. 
1.2 CELL CYCLE MARKERS 
In addition to the periodic events of S phase and mitosis there are other 
biochemical and physiological markers of cell cycle progress. These include 
the synthesis of certain RNAs and proteins, sensitivity to metabolic inhibitors 
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or ionizing radiation, and sensitivity to growth factors or hormones (Mitchison, 
1971; Stiles at at, 1981). An important observation was that progress through 
the cycle could be blocked or delayed and division inhibited without affecting 
overall cell growth (i.e. macromolecular synthesis and volume changes), giving 
rise to cells larger than normal. This prompted Mitchison (1971) to subdivide 
the cycle into the "DNA—division cycle" consisting of S phase, mitosis and cell 
division, and the "growth cycle" consisting of macromolecular synthesis (of 
RNA and proteins) and cell volume changes. 
1.3 CELL CYCLE CONTROLS 
1.3.1 Exit from the cycle 
Cells deprived of essential nutrients or growth factors may exit from the cycle 
and enter a quiescent or stationary phase where they will remain viable for 
extended periods. Most cell types leave the cycle from the 01 phase; they 
complete the cycle they have begun but do not initiate a new round of DNA 
synthesis in the next cycle (Mitchison, 1971; Prescott, 1976). This state is 
often termed 00 since the cells have different properties to those actively 
traversing the Cl phase (Prescott, 1976). 
In mammalian cells a number of treatments which stop proliferation arrest the 
cells in the same part of Cl, called the "restriction point" by Pardee (1974); 
cells past this point are committed to completing the cycle. The budding 
yeast Sacc/iaromyces carey/s/se has a similar point in 01 called "start" where 
cells arrest after nutrient deprivation or exposure to mating pheromones 
(Hartwell, 1974); once past "start" the cells are committed to completing the 
cycle and cannot enter the alternative developmental pathway of conjugation 
(Reid and Hartwell, 1977). (The commitment point to mitosis versus meiosis is 
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later in 01 than "start"; Hirschberg and Simchen, 1977). 
The exceptions to Cl arrest after starvation come mainly from some lower 
eukaryotes where the Cl phase is short or absent altogether. Amoeba 
proteus has no detectable Cl phase and leaves the cycle in the 02 phase 
(Prescott, 1976). Cells of the fission yeast Sch/zosaccharomyces pombe can 
cease growth in either the Cl or the 02 phase (Bostock, 1970; Costello at al, 
1986). Plant meristem cells can show 02 arrest (Van't Hof, 1974), as can a few 
mammalian cell types (Prescott, 1976). 
13.2 Control of temporal order 
The marker events of the cycle follow each other in a defined temporal order. 
One explanation is that the cycle is made up of a sequence of dependent 
events (Figure 1.1A and B). The initiation of an event is dependent on the 
completion of the previous event in the sequence. For example, mitosis is 
found to be dependent on the completion of DNA synthesis, and the initiation 
of DNA synthesis is dependent on the completion of the previous mitosis; 
however, neither event is dependent on dytokinesis (e.g. Hartwell, 1974; Nurse 
at a!, 1976) Therefore, there may be several dependent sequences which 
intersect at the end of each cycle to ensure that two viable daughter cells are 
produced. An alternative explanation (Figure 1.1C) is that a master oscillator 
(with a period equal to the cycle time) determines the timing of cell cycle 
events. Each event can, in principle, occur independently of any of the other 
events. This model has been used to explain the rapid synchronous divisions 
in early embryos (Kirschner at a!, 1985), but in its simplest form cannot 
account for the more complex cycles of growing cells (see 1.5.1). 
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Figure 1.1 Models for the control of temporal order 
A Linear dependent sequence: each event (A to E) is dependent on the 
successful completion of the previous event. 
Branched dependent sequence: event B is dependent on the completion of 
event A; events C and D are independent; event E is dependent on the 
completion of both C and D. 
Master oscillator: separate timing components X and V determine the timing 
of the cycle events A to E. 
(Adapted from Mitchison, 1974; and Kirschner et at, 1985). 
S 
1.3.3 Coordination of growth and division 
A population of cells grown under constant conditions has a mean cell size at 
division and a mean cycle time which remain constant over many generations 
(see Fantes and Nurse, 1981, for a review). Moreover, the variation about the 
mean in division size or cycle time remains constant (Yen at at, 1975; Fantes, 
1977). These observations imply that cell size (or mass) is somehow 
coordinated with division rate so that deviations from the mean in cell size or 
cycle time are corrected within a short period of time; this has been 
demonstrated directly in several cases (e.g. Prescott, 1956; Fantes, 1977). 
There are a number of models which can explain the observed coordination 
between growth and division (Fantes et a!, 1975). The model supported by 
the most experimental evidence is that passage through a particular point in 
the cycle is dependent upon reaching a critical cell size or mass (reviewed by 
Fantes and Nurse, 1981). This type of model was first proposed to explain the 
regulation of the initiation of DNA synthesis at different growth rates in E. co/i 
(Donachie, 1968), but has since been successfully applied to eukaryotic cells. 
In S. carey/s/ag passage through a point in G1, thought to be coincident with 
"start", requires a critical size to be reached (Johnston et a/, 1977). In 
mammalian cells, there is some evidence for a size control acting in Cl 
(Killander and Zetterberg, 1965; Shields et a!, 1978). For mammalian cells and 
S. carey/s/as the lengthening of the cell cycle time at slow growth rates can 
be accounted for primarily by the expansion of the Cl phase as cells take 
longer to reach the critical size (Prescott, 1976; Jagadish and Carter, 1977). In 
other organisms such as S. pombe (Fantes and Nurse, 1977) and Phvsarum 
(Sachsenmaier, 1981) there is strong evidence for a critical size requirement in 
the 02 phase. 
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1.4 GENETIC ANALYSIS OF THE CELL CYCLE 
1.4.1 Cell cycle mutants 
The genetic analysis of the cell cycle was pioneered by Hartwell and 
co-workers (Hartwell et a!, 1974) who isolated conditional-lethal mutants of 
S. cerevisiae defective in progress through the cell cycle. Subsequently cell 
cycle mutants were isolated in several other eukaryotes (reviewed by Simchen, 
1978), but the yeasts S. cerev/sfae and S. pombe have provided most of the 
information on the genetic control of the cell cycle. The remainder of this 
chapter will focus on the cell cycle genetics of these two yeasts. 
The mitotic cycles of the two yeasts have many of the features typical of 
eukaryotic cell cycles in general, such as discrete 01, 5, 02 and M phases, and 
the formation of a microtubular mitotic spindle (Figure 1.2). The mode of cell 
division, however, is quite different in the two yeasts and is reflected in their 
common names. The budding yeast S. cerevis/as divides by outgrowth of a 
daughter bud from the mother cell, whereas the fission yeast S. pombe divides 
by the formation and cleavage of a centrally positioned septum to give two 
approximately equally sized daughter cells. In both organisms 
conditional-lethal (heat- or cold-sensitive) cell division cycle (cdc) mutants 
have been isolated which block the cell cycle at a particular stage. In 
S. carey/sloe at least 50 CDC genes have been identified (reviewed by Pringle 
and Hartwell, 1981). In S. pombe about 40 cell cycle genes have been 
identified so far which includes cdc genes (Nurse et al, 1976; Nasmyth and 
Nurse, 1981), ada genes (nuclear division arrest; Toda et at 1983), and cut 
genes (cell untimely torn ; Hirano et at, 1986). There are also wee mutants 
of S. pombe which have a reduced cell size at division (Nurse, 1975; Thuriaux 
et at 1978). 
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Figure 1.2 Cell cycles of the fission and budding yeasts 
The cell cycle is divided into the Cl, S. 62, M and CD (cell division) phases. 
Upper row (a) and (b) shows the behaviour of the cell and nucleus during the 
cycle; below is an enlargement of the nucleus showing the spindle pole body, 
chromosomes and spindle. Arrows show when cdc2 and cdc28 genes 
complete their functions. Moà.te& ro Murse  
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1.4.2 Cell cycle analysis using cdc mutants 
An important use of cdc mutants has been to replace the temporal map of the 
cell cycle based on biochemical and physiological markers with one based on 
cdc gene functions. Essentially four methods have been applied to establish 
the relationships between the various cdc gene-controlled functions and the 
landmark events (i.e. DNA synthesis, mitosis and cell division) of the cycle. 
The terminal phenotype of a mutant can be informative about the stage of 
the cycle when the wild-type cdc gene product is required. This method is 
particularly useful in S. cars vis/as where distinct morphological changes occur 
during the cycle. In S. pombe nuclear division and septum formation are the 
only obvious morphological markers, but chromatin changes have been 
followed using a DNA specific dye (Toda at at, 1981). The terminal phenotype 
method has been extended to the ultrastructural level by electron microscopy 
(Byers and Qoetsch, 1974; King and Hyams, 1982a). 
The transition point (or execution point) of a cdc mutant is the point in the 
cycle beyond which a shift to the restrictive conditions can no longer prevent 
the mutant cell from completing the cycle. With some reservations (Pringle, 
1978), the transition point may be regarded as the_/ast point in the cycle when 
the wild-type gene product is required to complete the ongoing cycle. 
By examining the terminal phenotype(s) of double mutants (cdcX cdcY) 
where each of the single mutants has a distinct terminal phenotype, it is often 
possible to establish a dependency relationship between the two gene 
functions. If the double mutant has a terminal phenotype characteristic of 
only one of the single mutants (say cdcX). then the second cdc gene function 
is dependent on the first (cdcY is dependent on cdcX). If the double mutant 
has a phenotype which combines features of the phenotypes of both the 
single mutants then the two cdc gene functions are independent and lie on 
different pathways 
(4) If two reversible blocks to the cycle can be applied independently, then the 
dependency relationship between the two blocks can be determined by the 
reciprocal-shift method (Hereford and Hartwell, 1974). Two separate 
experiments are performed. In the first, block A is applied until the cells are 
arrested, then block A is removed and block B is applied. The ability of the 
cells to undergo a landmark event (such as DNA synthesis, mitosis or cell 
division) is monitored. The second experiment is the reciprocal of the first 
with block B applied during the first incubation and block A during the second. 
The dependency relationship between the two blocks can be determined by 
reference to the behaviour of the cells during the pair of reciprocal-shifts: if 
the landmark event is completed in (say) the second experiment but not the 
first, • then block B is dependent on block A; if the landmark event is not 
completed in either experiment, then the two blocks are interdependent; if the 
landmark event is completed in both experiments, then the two blacks are 
independent With cdc mutants, the usual scheme has been to use a 
temperature shift to the restrictive temperature as one block, and a 
stage-specific inhibitor of cell cycle progress (such as a-factor, hydroxyurea 
or benomyl) as the other block (Hereford and Hartwell, 1974; Hartwell, 1976; 
Fantes, 1982). However, reciprocal-shifts using a cold-sensitive and 
heat-sensitive double mutants have been performed to determine the order of 
mitotic CDC gene functions in S. cerevisiae (Moir and Botstein, 1982). 
1.4.3 Identification of cdc gene products: cloning cdc genes in yeast 
In the decade or so after cdc genes were first characterised in S. cerevisiae 
10 
and S. pambe the assignment of biochemical functions to the gene products 
met with some success. In S. cerev/siae CDC9 has been identified as the 
structural gene for DNA ligase (Johnston and Nasmyth, 1978), COC19 encodes 
pvruvate kinase (C. Kawasaki, quoted in Pringle and Hartwell, 1981), and CDC21 
encodes thymidylate synthetase (Bisson and Thorner, 1977). In S. pomb 
cdc77 encodes DNA ligase (Nasmyth, 1977), but none of the other cdc genes 
have been assigned biochemical functions by conventional biochemical 
techniques. All of these gene products, with the exception of pyruvate kinase 
which is required for cell growth, are involved in DNA synthesis and had 
previously been implicated in this process by studies in prokaryotic systems 
(Kornberg, 1980). The events that occur in Cl, C2 and M, are biochemically 
much more obscure and there is no prokaryotic model for these events. 
A different approach to the identification of cdc gene products came with the 
advent of gene cloning techniques in yeast. The development of methods to 
transform yeast with DNA fragments contained in bacterial plasmids (Hinnen at 
a!, 1978; Beggs, 1978; Struhl at 8/, 1979) made it possible to isolate yeast 
genes by complementation of a recessive mutant phenotype. S. cercvis/ae 
CDC genes were first cloned by Nasmyth and Reed (1980) and Clarke and 
Carbon (1980), who transformed a temperature-sensitive cdc strain with a 
gene library containing yeast DNA fragments in a plasmid capable of 
autonomous replication in yeast. The CDC gene was selected from the 
remainder of the library by its ability to complement the conditional-lethal 
phenotype of the recipient strain. This method was later applied to the 
isolation of cdc genes from S. pombe (as illustrated in Figure 1.3) after it was 
discovered that some of the plasmids used to transform S. cerevis/de would 
also transform S. pombe (Beach and Nurse, 1981; Beach at a!, 1982a,b). 
Cloned genes can easily be transferred between the two yeasts; this has been 
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done to show that the S. cerevfsiae CDC28 "start" gene can complement 
S. pombe cdc2 mutants indicating that the two genes perform similar 
functions (Beach et at, 1982a). 
A by-product of these methods has been the isolation of extragenic 
suppressor sequences which can rescue a chromosomal mutant phenotype 
when on a multicopy plasmid. For example, suci (Hayles et a!, 1986) and 
suc22 (Gordon and Fantes, 1986) were isolated from S. pombe gene libraries 
as suppressors of cdc2 and cdc22 mutants respectively; in both cases the 
mechanism of suppression is not clear. An example where the mechanism of 
suppression is understood is the isolation of two sequences which can 
complement cold-sensitive nda2 mutants (Toda et a!, 1984). The two 
sequences encode slightly different a-tubulin proteins, but only one of these 
is from the nda2 locus. The second c-tubulin gene has to be overexpressed 
to compensate for a defect in the first (nda2) gene. 
These examples show the importance of differentiating between an authentic 
sequence of the gene of interest and an extragenic suppressor. This can be 
done in both yeasts by utilising the high frequency of recombination between 
a sequence on a plasmid and the chromosomal locus of that sequence 
(Nasmyth and Reed, 1980; Beach et at, 1982a). Transformation of S. cerevisiae 
or S. pombe with a plasmid containing a sequence from the chromosome but 
without a sequence conferring autonomous replication will give mitotically 
stable transformants arising from homologous recombination between 
sequences on the plasmid and the chromosome. A single reciprocal 
recombination event will integrate the plasmid sequences into the 
chromosome to give a duplication of the cloned sequence separated by the 
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Figure 1.3 Strategy for cloning cdc' genes in S. pombe 
S. pombespheroplasts carrying cdc and leul mutations are transformed with a 
gene library containing fragments of wild-type S. pombe DNA. Transformants 
are selected as 1eV colonies; the LEU2 gene on the plasmid complements the 
leul mutation of the S. pombe strain. The transformants are replica plated to 
the restrictive temperature for the cc/c mutation. All the replica colonies fail 
to grow except for those containing the wild-type cdc gene on a plasmid. 
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(LEU2 in the example shown in Figure 1.4), the site of integration can be 
mapped by appropriate genetic crosses. Genetic linkage of the plasmid marker 
to the gene of interest is strong evidence that the authentic gene has been 
cloned. 
After the isolation of a cdc gene further studies can be initiated which aim to 
identify the biochemical or structural function of the gene product. 
Sometimes the DNA sequence of the gene will provide a clue to the function 
of the predicted gene product; the deduced amino acid sequence of the gene 
product may be similar to a previously sequenced protein of known 
biochemical function implying a similar function for the newly identified 
protein (e.g. Ldrincz and Reed, 1984). Antibodies against the cdc gene product 
can be prepared as a specific probe for the gene product so that its 
biochemical properties and subcellular localisation can be investigated (e.g. 
Reed et a!, 1985; Simanis and Nurse, 1986). The synthesis of the messenger 
RNA and protein during the cell cycle can be investigated in synchronous 
cultures to determine whether there is periodic synthesis (e.g. Gordon and 
Fantes, 1986; Simanis and Nurse, 1986). 
1.5 THE CELL CYCLE OF S. pombe 
1.5.1 Cell cycle  mutants 
The cell cycle of S. pombe was first investigated by Mitchison (1957) who 
realised that its growth by length extension and the symmetrical mode of 
division made it an ideal organism to study the relationship between growth 
and division. At fast growth rates the G1 phase is short (C 0.1 of a cycle) and 
is complete by the time the daughter cells have separated (Nasmyth, 1979). 
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Figure 1.4 Integration of plasmid sequences into the chromosome 
Homologous recombination between a plasmid borne sequence and the 
chromosome results in the integration of the plasmid vector sequences 
flanked by a duplication of the homologous DNA. A genetic marker (LEU2) in 
the vector sequences allows the site of integration to be mapped by 
conventional genetic analysis. Restriction sites X. V and Z can be used to 
demonstrate integration of the plasmid by homologous recombination. 
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Mitosis occurs at about 0.75 of a cycle (cell separation occurs at 1.00; 
Mitchison, 1970) 
Following the pioneering work of Hartwell in S. core v/sloe Nurse and 
colleagues (Nurse at al, 1976; Nasmyth and Nurse, 1981) isolated 
temperature-sensitive cdc mutants of S. pomba It is interesting to compare 
the criteria used in the two yeasts to define cdc mutants: in S. corey/sloe a 
uniform cell morphology at the restrictive temperature was used, whereas cell 
elongation (i.e. a block to cell division) was used in S. pombe Quite a number 
of cdc mutants in S. corey/sloe arrest as unbudded cells due to a defect in cell 
growth (Pringle and Hartwell, 1981); such mutants would not be considered to 
be cdc mutants in S. pombe 
Using the methods described above (1.4.2) a map of the temporal order of cdc 
gene functions and landmark events can be constructed (Figure 1.5). The map 
resembles a branched dependent sequence (Figure 1.1); the landmark events of 
DNA synthesis and mitosis (which lie on a dependent sequence) can continue 
in the absence of septum formation and cytokinesis (Nurse et a!, 1976). The 
genes required for DNA synthesis can be divided into those required for the 
initiation of DNA synthesis (which arrest prior to the hydroxyurea-sensitive 
step) and those required for DNA synthesis itself (which arrest at the 
hydroxyurea-sensitive step) (Nurse at at, 1976; Nasmyth and Nurse, 1981). 
The genes required for mitosis have been ordered with respect to the 
benomyl-sensitive step (Fantes, 1982; Figure 1.5B). 
1.5.2 Control of the timing of cell division 
For both S. pombe and S. cerevis/ae it has been suggested that cells must 
reach a critical size before they can pass through a particular point in the 
cdc2o.22r 
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Figure 1.5 Dependent sequence maps of cdc gene functions in S. pombe 
Map of the whole cycle. 
Map of some gene functions required for mitosis, ordered by reciprocal 
shifts with benomyl and by the phenotypes of double mutants. 
(Adapted from Nurse et al. 1976; and Fantes, 1982). 
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cycle. In S. cere v/s/as, the size control operates in Cl and may be coincident 
with "start" (reviewed by Carter, 1981). In S. pombe the major size control, at 
least for rapidly growing cells, is in G2 shortly before mitosis (reviewed by 
Nurse and Fantes, 1981). There is physiological and genetic evidence for a 
size control over entry into mitosis in S. pomba 
Cell size at mitosis (or cell division) is modulated by growth rate; cells 
growing at slow growth rates (under nitrogen, carbon or phosphate limitation) 
divide at a smaller size than cells growing at faster rates (Fantes and Nurse, 
1977). The point in the cycle at which the nutritionally modulated size control 
acts has been investigated (Fantes and Nurse, 1977) by nutritional shifts of 
cells from a poor medium to a medium supporting a faster growth (a shift-up) 
and vice versa (a shift-down). After a shift-up to a medium where cells 
divided at a larger size, about 20% of the cells divided at the original division 
size while in the remainder of the cells division was inhibited until they 
reached the larger size characteristic of the new medium. A shift-down had 
the converse effect so that cells were accelerated into mitosis at the smaller 
size characteristic of the poor medium. The nutritional shifts strongly suggest 
that cell size is monitored shortly before mitosis and that the critical size is 
nutritionally modulated. 
Mutants termed wee which divide at a smaller size than normal have been 
isolated 	(Nurse, 	1975; 	Thuriaux 	et 	a!, 	1978). 	Transfer 	of 	a 
temperature-sensitive wee mutant (weel-50 ) from the permissive 
temperature, where the cells are 80% of wild-type size, to the restrictive 
temperature, where cells are 50% of wild-type size, accelerates a proportion of 
the cells into mitosis (Nurse. 1975). 	Shifting back to the permissive 
temperature delays mitosis. Mitosis is rapidly affected by these shifts of the 
wee mutant, in an analogous manner to the effects of nutritional shifts on 
wild-type cells. It was argued (Nurse, 1975) that weel-50 cells are defective 
in some aspect of the coordination of growth with division, most likely in the 
monitoring of cell size prior to mitosis. 
Further analysis of wee mutants (Nurse and Thuriaux, 1977; Fantes and Nurse, 
1978) suggested that whilst the size control over mitosis is defective in these 
cells, coordination between growth and division is maintained by a size control 
over entry into S phase. In wee/-MI cells at the restrictive temperature the 
G1 phase is expanded (by 0.3 of a cycle; Nurse, 1975) and it was argued that 
during this time the cells are growing to a critical size required to initiate S 
phase. In rapidly growing wild-type cells the GuS size control is cryptic since 
the cells are already larger than the critical size by the time they have 
completed the previous mitosis; the cells enter S phase after a minimum 
period in G1. This explanation predicts that if wild-type cells were made 
smaller than normal they would become subject to the GuS size control. To 
test this prediction, cells were made smaller in three ways: by outgrowth of 
spores and of nitrogen starved cells (Nurse and Thuriaux, 1977), and by growth 
with limiting nitrogen in a chemostat (Nasmyth, 1979). As predicted, these 
small cells had an extended Cl phase and reached the mid-point of S phase 
at a similar size to wee cells. 
1.53 Genes involved in the mitotic control 
Genetic analysis has shown that mutants with a wee phenotype map in two 
genes (Thuriaux et at, 1978). 	Most of the wee mutants map in the wee  gene 
(Nurse and Thuriaux, 1980). 	The isolation of a nonsense mutant of weel and 
the dominance properties of the mutants indicate 	that 	lesions 	in the 	weel 
gene that result in a reduction in cell 	size are due to loss of weei 	function. 
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Therefore, the weel gene product is likely to function as an inhibitor of entry 
into mitosis. 
Detailed genetic mapping of the other wee mutants (initially designated wee2) 
showed that they mapped within the cdc2 gene (Nurse and Thuriaux, 1980; 
Fantes, 1981), previously defined by temperature-sensitive cdc mutations 
(Nurse at al., 1976). The cdc2-1w (w for wee) allele was found to be 
dominant for its effect on cell size indicating that the activity of the mutant 
gene product was altered rather than lost. In contrast, the cdc2 alleles with a 
phenotype were recessive indicating that cdc2 function was essential for 
division. These phenotypes can be explained if the cdc2 gene product is both 
required for mitosis and regulates the timing of mitosis. Indeed, a single 
mutation can alter both these properties so that at 25 ° C the cells initiate 
mitosis prematurely and have a partially wee.phenotype, but at 35 ° C mitosis is 
prevented and the cells have a ccicphenotype (Nurse and Thuriaux, 980). The 
cdc2 function is also required in G1 at a point analogous to "start" in 
S. cerevislee (Nurse and Bissett, 1981). Therefore, the cdc2 gene is required at 
both the major control points of the S. pombe cell cycle. 
Another element in the mitotic control was revealed by the suppression of the 
temperature-sensitive lethality of cdc25 mutants by wee mutations (Fantes, 
1979; Fantes, 1981). The epistatic interactions between cdc25 and the control 
genes weal and cdc2 suggest that cdc25 is part of the mitotic control and is 
not required for the process of mitosis as such (Fantes, 1979). 
1.5.4 The mechanism of the mitotic control 
The major effect of the weel and cdc2w mutants is to shorten the G2 phase 
so that mitosis and cell division are completed when the celisare smaller than 
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normal (Nurse and Fantes, 1981). Two mechanisms have been proposed to 
explain the action of weel and cdc2(Fantes and Nurse, 1978): 
(1) The weel and cdc2 genes are involved in the mechanism whereby cell size 
is monitored and a signal communicated to the nucleus to initiate mitosis. 
Some aspect of this control is defective in wee mutants such that mitosis 
occurs prematurely. 
(2)The weel and cdc2 genes are involved in monitoring growth rate or 
nutritional status. In wee mutants the mitotic size control is insensitive to the 
prevailing growth conditions and the critical size for mitosis is set as if the 
cells were growing in a poor medium, even though the actual growth rate is 
hardly affected. Consistent with this explanation is that nutritional shifts of 
weel cells do not affect the rate of mitosis, in contrast to the rapid effects 
seen in the wild-type (Fantes and Nurse, 1978; section 1.5.2). 
It is possible that the weel and cdc2 genes act entirely independently to 
control the timing of mitosis and that the similarity between the phenotypes 
of weal and cdc2w mutants conceals two different controls. Indeed, if the 
wee? and cdc2 genes are involved in the nutritional modulation of the mitotic 
control, then another mechanism is required to explain the cell size 
homeostasis (a negative correlation between length at birth and interdivision 
time) found experimentally in S. pombe(Fantes, 1977). 
1.5.5 The timing of cdc gene-controlled steps 
The control genes are likely to affect the length of G2 (and therefore cell size 
at division) by altering the rate of completion of some step(s) required for 
progression from G2 into mitosis. The timing of cdc gene-controlled steps 
can be estimated from the transition points of cdc mutants (section 1.4.2). 
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Figure 1.6 Transition points of cdc mutants in wee? and wee 	cells 
(Data taken from Fantes. 1983). 
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before mitosis itself, at 0.6 to 0.75 of a cycle (Nurse et at, 1976; Nasmyth and 
Nurse, 1981). In weel mutants the transition points of cdcl, cdc27 and some 
alleles of cdc2 are advanced relative to mitosis (Fantes, 1983; Figure 1.6). 
These results imply that the processes requiring these cdc gene products are 
completed earlier in G2 in weel than in wee? 4 cells. The transition point 
advancements are largest for cdcl and cdc27 occurring 0.3-0.4 of a cycle 
earlier. The cdc2 alleles show a consistently lesser advancement of up to 0.2 
of a cycle. The timing of mitosis in weel mutants remains at about 0.75 of a 
cycle, estimated from the fraction of binucleate cells. The transition points of 
cdcfl cdcl3 and the mitotic inhibitor benomyl are hardly affected by the wee? 
mutation. The transition point advancement appears to be specific to weal 
mutants since two cdc2w alleles (cdc2-1w and cdc2-2w ) do not alter the 
transition point of a cdc?-7 mutant. 
These results suggest (Fantes, 1983) that the wee? 4 gene product maintains 
the normal timing of cdc gene-controlled events in G2 by inhibiting the 
completion of some of these events until the critical size for mitosis is 
reached. The timing of certain of the cdc gene-controlled steps is determined 
by a balance between the activity of the cdc 4 gene product and its inhibition 
by the wee? gene product. Loss of wee? t function relieves the inhibition 
and allows these processes to be completed earlier in the cycle; the G2 phase 
is shortened and the cells divide at a smaller size. 
The advancement of the transition points of most cdc2 alleles suggests that in 
weel mutant cells the activity of the cdc2 gene product does not determine 
the timing of mitosis (Fantes, 1983). This is consistent with the evidence 
(Fantes and Nurse, 1978) that a size control over entry into S phase plus a 
minimum G2 period determines the timing of mitosis in wee? mutants. The 
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two cdc2 alleles which do not show a transition point advancement cause an 
increase in cell size at the permissive temperature (Fantes, 1983). The cdc2 
step may be occurring at a slower rate in these strains and might still be rate 
limiting for mitosis in wee? mutants. 
The altered timing of some cdc gene-controlled processes in weel mutants 
has implications for models of division control in S. pomba Fantes (1981) has 
proposed a model for mitotic control incorporating wee?, cdc2 and cdc25 
i (Figure 1.7A): cdc2
+  activity s essential and rate limiting for entry into mitosis; 
the wee1 gene product inhibits cdc2 activity, and the cdc25 gene product 
acts to relieve this inhibition. The transition point experiments suggest that 
the weel gene can alter the timing of cell cycle steps independently of the 
cdc2 gene since weel mutations advance transition points whereas the 
cdc2-1w mutation does not. In an alternative model (Figure 1.713), the wee1 
gene product inhibits the activity of the cdc1 and cdc27 products as well as 
the cdc2 product. 
The weel gene appears to affect not only the timing of some cdc 
gene-controlled steps but also the temporal order between different steps. In 
wee7 cells the cdcl step is interdependent with the benomyl-sensitive step 
and may be dependent on the cdc2 step (Fantes, 1982; Figure 1.513). However, 
in weel cells the cdcl step appears to be completed well before either the 
benomyl step or the cdc2 step (Fantes, 1983). 
What are the biochemical mechanisms that ensure the correct timing and 
order of cell cycle events? Periodic transcription of certain genes, including 
some cc/c genes, is one mechanism. For example, the histone genes of 
S. pombe and S. cerevisiae are transcribed maximally during S phase 
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Figure 1.7 Models of the mitotic control 
& cdc2 is required for mitosis, wee? inhibits cdc2 activity and cdc25 prevents 
this inhibition. 
B. weal inhibits cdc2, cdc27 and cdcj all of which are required for mitosis. 
(See the text for details). 
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required during Gi, is also expressed periodically with a peak of transcript 
level during late Gil early S phase (Gordon and Fantes, 1986). However, 
periodic synthesis of proteins is the exception. Out of 900 individual proteins 
of S. carey/s/ac examined by two dimensional electrophoresis, only twenty 
(including three histone proteins) showed an obviously periodic pattern of 
synthesis (Lbrincz at at, 1982). In yeasts there are no proven examples of 
enzyme activation during the cycle, but in the slime mould Physarum histone 
kinase is activated in G2 (Mitchelson at a!, 1978). Enzyme activation (or 
modification) remains an attractive mechanism for controlling the timing of 
cell cycle events but is difficult to show experimentally since the biochemical 
functions of most cell cycle genes are not known. The recent finding that the 
cdc2 gene product is a protein kinase (Simanis and Nurse, 1986) suggests 
that protein phosphorylation is important in cell cycle control. However, 
without assays for the functions of the substrates of the cdc2 protein kinase it 
will be difficult to show that they are regulated by phosphorylation. 
The scarcity of examples of periodic synthesis implies that most cdc gene 
products are present throughout the cycle and that it is the availability of the 
substrates of these gene products (if they are enzymes) that determines their 
time of action. The experiments of Byers and Sowder (1980) using hybrid cells 
of S. cat-avis/ac containing cdc nuclei in a CDC cytoplasm suggest that the 
majority of CDC gene products are present in excess over the amount required 
to complete one cycle. Only one gene product (CDC4) was not present in 
excess out of the genes tested. 
In conclusion, the timing of some steps is determined by periodic synthesis or 
activation of the gene products required, but the timing of most steps is likely 
to be due to their dependency on the completion of a previous step. 
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1.6 AIM AND SCOPE OF THIS THESIS 
The work undertaken for this thesis will focus on the cdc27 gene of 
S. pomba In wild-type cells the function of this gene in cell cycle is 
completed just prior to the initiation of mitosis (Nasmyth and Nurse, 1981). 
However, in weel mutants the cdc27 gene function is completed 0.4 of a cycle 
earlier (Fantes, 1983; section 1.5.5). The aim is to use the techniques of 
molecular genetics to isolate the cdc27 gene, and then to investigate the 
function of the gene product and the molecular basis of the timing of the 
cdc27 gene-controlled event during the cycle. The strategy will be as follows: 
The cloned gene will be used as a molecular probe for the messenger 
RNA(s) transcribed from the gene. Experiments will be performed to determine 
whether the expression of the cdc27 gene is regulated by the control genes 
weel and cdc2 and if expression of the gene is periodic during the cycle. 
The DNA sequence of the cloned gene - will be determined in order to 
deduce the primary amino acid sequence of the gene product. This may be 
informative about the function of the gene product, especially if the deduced 
primary sequence shows homology to a previously identified protein. Rapid 
computer methods are available to search the growing number of mostly 
derived amino acid sequences for similarities to a new protein sequence, an 
approach which has led to the discovery of some surprising homologies 
between proteins (e.g. Ldrincz and Reed, 1984; Breeden and Nasmyth, 1987). 
The long term aim is to understand the role of the cdc27 gene product in 
the cell cycle. This thesis describes the molecular cloning and 
characterisation of the cdc27 1 gene as a first step towards a molecular 
analysis of the gene product 
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CHAPTER 2 
CHAPTER 2 - MATERIALS AND METHODS 
2.1 Schizosaccharofnyces pombe 
The wild-type and mutant strains of the fission yeast Schizosaccharomyces 
pombe Lindner were all derived from the heterothallic 972 (mating type h) 
and 975 (mating type h) isolates described by Leupold (1950). 
22 MEDIA AND GROWTH CONDITIONS FOR S. pombe 
2.2.1 Storage of strains 
The methods described by Gutz et al. (1974) and Kohli at al. (1977) were 
followed. Strains of S. pombe were stored for up to a few months on yeast 
extract slopes at 4 ° C and on silica gel at 4 ° C for longer term storage. 
2.2.2 Media 
Strains of S. pombe were routinely cultured on YEA complex medium 
containing 3% glucose, 0.5% yeast extract (Difco) and 75mg/I adenine. Agar 
(Difco) was added to 2% for solid media. 
The complex medium YEPO containing 3% glucose, 0.5% yeast extract, 0.5% 
Bacto-peptone (Difco) was used for the culture of S. pombe prior to 
transformation. 
The minimal medium EMM was a minor modification of EMM2 (Mitchison, 
1970; as modified by Nurse, 1975). EMM contains 20g/l glucose, 3g/l. 
potassium phthallate, 1.8g/l disodium hydrogen phosphate, 5g/l ammonium 
chloride. Vitamins, salts and trace minerals were those of Mitchison (1970). 
For solid media 20g/l agar and lml/l iN KOH were added. Amino acid and 
base supplements were added to a final concentration of 75mg/I prior to 
autoclaving. The dye magdala red (phloxin B, Sigma) was sometimes added to 
plates of YEA or EMM to aid in the detection of colonies with a high 
proportion of dead cells (Kohli et at, 1977). Magdala red was added to 
autoclaved medium cooled below 60 ° C at a final concentration of 204g/l. For 
the regeneration of osmotically sensitive spheroplasts after transformation, 
1.2M sorbitol was added to EMM. 
A nitrogen limiting medium ME containing 3% malt extract (Difco), 2% agar 
was used to induce mating and sporulation for genetic analysis. 
2.3 GENETIC ANALYSIS OF S. pombe 
2.3.1 Crossing strains 
The standard genetical procedures of Gutz et at (1974) and Kohli et at (1977) 
were followed. Strains were crossed by mixing together fresh isolates of 
opposite mating types h and h on the surface of a ME plate. The mating 
mix was incubated at 25 ° C for 3 days to allow asci to form. The progeny of a 
cross were analysed by either tetrad analysis or random spore analysis. 
2.3.2 Tetrad analysis 
A loopful of the mating mix was streaked onto a YEA plate. Single asci were 
isolated by micromanipulation using a fine glass needle attached to a Leitz 
micromanipulator. The plate was incubated overnight at 20 ° C to release the 
spores from the ascus. The spores were micromanipulated apart from each 
other and incubated until colonies formed. 
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2.3.3 Random spore analysis 
A loopful of the mating mix was resuspended in a 1/500 dilution of the snail 
gut enzyme Helicase (Suc d'HeI/x pomatia Industrie Biologique, France) in 
sterile distilled water and incubated overnight at 35 °C. The spores were 
collected by centrifugation and resuspended in sterile distilled water. The 
spore concentration was estimated by a haemocytometer count and an 
appropriate amount (to give some 200 spores per plate) plated onto YEA. 
2.3.4 Testing of phenotypes 
The phenotypes of colonies were determined by replica plating from a YEA 
master plate to either EMM plus or minus growth supplements for auxotrophs, 
or YEA at the permissive and restrictive temperatures for 
temperature-sensitive mutants. 
2.4 CELL PHYSIOLOGY 
2.4.1 Temperature shift experiments 
A single colony was inoculated into a lOmI EMM preculture and incubated at 
the permissive temperature until stationary phase was reached. An aliquot of 
the preculture was inoculated into lOOmI EMM in a bOOml Erlenmeyer flask. 
The culture was incubated with shaking at the permissive temperature until 
the early exponential phase of growth (A 595 0.1-0.2) at which point one-half of 
the culture was transferred to a fresh flask at the restrictive temperature. The 
remainder of the culture was maintained at the permissive temperature to 
serve as a control. 
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2.41 Culture turbidity 
The turbidity of a culture was used to estimate cell mass and was measured 
on a Pye Unicam SP600 spectrophotometer from the A 595 of a 3m1 sample. 
The reading was taken in a quartz cuvette of 1cm path length with distilled 
water in the reference cuvette. 
2.4.3 Cell number 
Cell number was determined from a 0.1mI sample fixed in a filtered 0.1% 
formaldehyde, 0.1% sodium chloride solution. The cells were counted 
electronically with a Coulter Counter (Industrial 0) as described by Mitchison 
(1970). 
25 Escherichia co/i 
The E. coil recA strain JA221 (from Dr. Paul Nurse) was routinely used for 
molecular genetics experiments. The phenotype of JA221 is recA 1, leuBS, 
trpEs, hsdR, hsdMt lacYSCO 
The E. co/I recBc strain BJ5183 (from Dr. Paul Nurse) was used for the 
recovery of plasmid DNA from S. pombe transformants. The phenotype of 
BJS 183 is recBC, sbcB, endo, igai, meth, strr,  thi blot, hsd 
2.6 MEDIA AND GROWTH CONDITIONS FOR E. coil 
2.6.1 Storage of strains 
Standard methods for handling E. coil were as described by Maniatis et at 
(1982). Strains were stored for up to a few weeks on LB plates at 4 ° C and in 
LB medium containing 15% glycerol at -70 °C for longer term storage. Cells 
were grown at 37 ° C and growth was monitored by measuring culture turbidity 
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on a Unicam SP600 spectrophotometer. 
2.6.2 Media 
The complex medium LB was used to reisolate and grow E. coll.' LB contains 
1% Bacto-tryptone (Difco), 0.5% yeast extract, 1% sodium chloride. Agar was 
added to 2% for plates. 
Antibiotic resistance was used as a selectable marker for E. coil cells 
harbouring a plasmid. Antibiotics were added to autoclaved media cooled 
below 60 ° C from stock solutions stored at -20 ° C. The final concentration of 
the antibiotic in the medium was 50pg/ml for ampiciilin (from a 100mg1mi 
stock in 50% ethanol), 10g/ml for chioramphenicol (from a 34mg/mi stock in 
100% ethanol), and 12.5pg/ml for tetracycline (from a 12.5mg/mi stock in 50% 
ethanol). 
2.7 YEAST CLONING VECTORS 
2.1.1 pDB248 
The vector pDB248 (Figure 2.1; Beach and Nurse, 1981) is derived from the 
E. call plasmid pBR322 (Bolivar at al, 1977) and the Saccharomyces cerevlslae 
- E. coil shuttle vector pJDB248 (Beggs, 1978). The vector can replicate 
autonomously in E. cali and also in S. pombe due to the presence of a 
autonomously replicating sequence within the sequences derived from the 
S. care vlslae 2-micron piasmid. The LEU2 gene Of S. cerevisiae complements 
the leul-32 mutation of S. pombe and the leuBS mutation of E. coll.' Thus the 
vector can be selected for in both organisms. The vector also contains the 
ampicillin and tetracycline resistance genes for selection in F co/i. 
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2.7.2 pDB262 
The vector pDB262 (Figure 2.1; Beach at al, 1982b) is derived from the E. CO/i 
plasmid pTR262 (Roberts at a!, 1980) and the S. cerevisiae sequences of 
pDB248. This vector allows positive selection for the insertion of DNA 
fragments into the single Hindlil and Bcll restriction sites, since only when 
fragments are inserted into either of the two sites does the plasmid confer 
tetracycline resistance. Other features are as for pDB248 (section 2.7.1). 
2.7.3 pESP1 
The integrating vector pESP1 (Figure 2.1) was derived from pDAM6 (Wright et 
al, 1986b) by deleting a Sail restriction site in the S. carey/s/ac fragment 
containing the LEU2 gene (Dr. Peter Fantes, personal communication). The 
remainder of the plasmid consists of pBR325 (Bolivar, 1978) and has ampicillin 
and chloramphenicol resistance genes. 
2.8 GENE LIBRARY 
The gene library used in this study consisted of quasi-random fragments of 
the S. pombe genome cloned into the shuttle vector pDB248. This library was 
a kind gift from Drs. Gill Ogden and Peter Fantes. Total DNA from wild-type 
strain 972 was partially digested with the 4-base recognition site restriction 
enzyme SaulIlA. The restriction fragments were ligated to pDB248 digested 
with BamHl, a 6-base recognition site enzyme which leaves the same cohesive 
ends as SaullIA. After transformation of E. co/i strain JA221, recombinant 
clones were recognised by being ampicillin resistant but tetracycline sensitive 
due to insertion of the fragments into the tetracycline resistance gene. Some 
10,000 recombinant clones with an average insert size of 4kb were pooled and 






























2.9 DNA TRANSFORMATION 
2.9.1 Transformation of S. porn/is 
The transformation protocol was as described by (Beach and Nurse, 1981) 
except that spheroplasts were prepared by the method Dickinson and Isenberg 
(1982). 
Cells were grown in lOOmI of YEPD with shaking at 25 ° C to an A 595 0.3-0.5. 
The cells were transferred to sterile disposable McCartney bottles and 
harvested by centrifugation in a MSE benchtop centrifuge. The pellet was 
washed in sterile distilled water and the cells collected again. They were 
resuspended in 20mi 100mMNa 2 EDTA, 100mM MES pH 6.0, 0.8mg/mI DII and 
incubated at 30 ° C for 15 minutes. The cells were collected as before, washed 
in 20mi 20mM VIES pH 6.0, 0.6M sorbitol, and resuspended in 5m1 20mM 
citrate-phosphate pH 5.8, 0.61VI KCI, containing 5mg/mI NovoSP24 enzyme 
(Novo Enzymes). The cells were placed at 30 °C and spheroplast formation 
was monitored microscopically. When some 50% of the protoplasts had 
become spherical they were harvested at one-half speed. The protoplasts 
were washed three times with 25ml 10mM Tris.HCI pH 7.6, 1.2M sorbitol. 
About 3x10 7 protoplasts, estimated by a haemocytometer count, were 
resuspended in 0.1ml 10mM Tris.HCI pH 7.6, 1.2M sorbitol, 10mM CaCl2,  in a 
lOmI disposable test tube. Up to 2pg of plasmid DNA was added in a volume 
of 10111 or less and the mixture incubated at 25 ° C for 15 minutes. Then lml 
10mM Tris.HCI pH 7.6, 10mM CaCl2,  20%(w/v) polyethylene glycol 4000 was 
added to each tube and the mixture incubated at 25 °C for a further 15 
minutes. The protoplasts were pelleted and resuspended in 0.5m1 10mM 
Tris.HCI pH 7.6, 1.2M sorbitol, 10mM CaCl 2, 0.5mg/mi yeast extract, 0.5mg/mi 
leucine. After incubation at 25 ° C for at least 30 minutes the cells were spread 
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gently on the surface of an EMM-sorbitol plate and incubated at 25 ° C until 
colonies grew up. 
2.9.2 Transformation of E. coil 
The method of Dagert and Ehrlich (1979) was followed with minor 
modifications. A stationary phase preculture of E. co//in LB was diluted 1/100 
into fresh LB medium and incubated with shaking at 37 ° C. At an A650 0.2 the 
cells were chilled on ice for 10 minutes, transferred to sterile McCartney 
bottles and harvested by centrifugation at 4 °C. The pellet was resuspended in 
1/2 the original culture volume of ice-cold 0.1M CaCl2  and incubated on ice 
for 20 minutes. The cells were pelleted again and resuspended in 1/100 the 
original culture volume of ice-cold Q.1M CaCl2.  Aliquots of 0.1ml were 
dispensed into lOmI test tubes and the plasmid DNA added in 10p1 or less. 
The transformation mixture was incubated on ice for 10-30 minutes and then 
heat pulsed at 42 ° C for 2 minutes. At room temperature, 2m1 LB was added 
and the cells incubated at 37 °C for 1 hour to allow the expression of the 
plasmid encoded antibiotic resistance. Appropriate aliquots were spread onto 
LB plates with antibiotic and the dried plates incubated overnight at 37 ° C. 
2.10 SOME GENERAL METHODS FOR HANDLING NUCLEIC ACIDS 
2.10.1 Extraction with phenol/chloroform 
Proteins were removed from cell lysates or nucleic acid solutions by extraction 
with phenol or a 1:1 mixture of phenol and chloroform. Traces of phenol were 
removed by a further extraction with chloroform. Phenol was equilibrated with 
0.1M Tris.HCI pH 8.0, and contained 0.1/o hydroxyquinoline and 0.2% 
2-mercaptoethanol to retard oxidation (Maniatis et a!, 1982). Chloroform 
refers to a 24:1(v/v) mixture of chloroform and isoamyl alcohol. The extraction 
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was carried out by adding an equal volume of phenol to the cell lysate or 
nucleic acid solution. The phases were mixed (sometimes by vortexing) until 
an emulsion was formed. The phases were separated by centrifugation at 
10,000 rpm for 2 minutes and the aqueous phase transferred to a clean tube. 
The nucleic acid was recovered by ethanol precipitation. 
2.10.2 Precipitation of nucleic acids 
DNA was ethanol precipitated by adding 0.1x volume of 3M NaOAc pH 5.2 and 
2x volumes of absolute ethanol. The solution was mixed and cooled at -20 ° C. 
The DNA was recovered by centrifugation at 12,000g for 10 minutes. The 
pellet was washed with 70% ethanol, dried briefly under vacuum, and 
resolvated in 10mM Tris.HCI, 1mM EDTA (10:1 TE) pH 7.6. RNA was 
precipitated as above except that 2.5x volumes of ethanol was added. DNA 
was sometimes precipitated by adding 0.4x volume of NH 40Ac and lx volume 
of isopropanol. This method is reported to remove impurities which interfere 
with restriction enzyme digests (Focus, Bethesda Research Labs.). 
2.11 ISOLATION OF NUCLEIC ACIDS FROM S. poinbe 
2.11.1 Small-scale preparation of S. pombe DNA 
The method of Nasmyth and Reed (1980) was used with modifications to the 
spheroplasting procedure. A lOmI EMM precuiture was incubated at 25-30 ° C 
for two days, by which time the cells were approaching stationary phase. The 
cells were harvested by centrifugation, washed in 40mM EDTA, 1% 
2-mercaptoethanol, and resuspended in 5ml 20mM citrate-phosphate pH 5.6, 
1.2M sorbitol, 40mM EDTA, 1% 2-mercaptoethanoI, containing 5mg/mi Novo 
SP24 enzyme. The mixture was incubated at 35 °C until spheropiasts had 
formed. The spheroplasts were pelleted at one-half speed and resuspended in 
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0.2m1 10mM Tris.HCI pH 7.6, 1.2M sorbitol. To this was added 0.8m1 lysis 
buffer containing 0.5% SOS, 100mM Tris.HCI pH 9.7, 50mM EDTA pH 8.5, and 
the sample mixed well by inversion. The sample was heated at 70 ° C for 20 
minutes, cooled to room temperature, and 0.2m1 SM potassium acetate added. 
After 45 minutes on ice the sample was centrifuged in a microfuge for 5 
minutes at 4 °C and 2x volumes of ethanol added to the supernatant. After 
cooling to -70 ° C for 10 minutes the precipitate was pelleted in a microfuge, 
resolvated in 10:1 TE pH 7.6, and ethanol precipitated again. The pellet of DNA 
was resolvated in 10:1 TE pH 7.6 and any particulate matter removed by a 10 
minute centrifugation. 
2.11.2 Large-scale preparation of S. pombe DNA 
Cells were grown in YEA to an A595 1.0 and lOOmI of culture harvested in a 
Sorvall RC-513 centrifuge at 5000rpm for 5 minutes. Spheroplasts were 
prepared as described in section 2.11.1 above. The pelleted spheroplasts were 
resuspended in 5m1 2% SOS, 20mM Tris.HCI pH 7.6, 20mM EDTA. After 
incubation at 65 °C for 20 minutes the mixture was cooled to room 
temperature and extracted once with phenol and once with phenol/chloroform. 
The phases were separated each time by centrifugation in the Sorvall 
centrifuge at 8000rpm. The supernatant was precipitated with 0.1x volume of 
3M NaDAc pH 5.2 and 0.5x volume of ice-cold isopropanol. The precipitate 
was pelleted, resolvated in 2m1 10:1 TE pH 7.6, and 60111 SM NaCl and 150p1 
1mg/mi RNase was added. The sample was incubated at 65 ° C for 20 minutes 
and extracted with phenol and then with chloroform. The DNA was precipitated 
three times with ethanol and resuspended at 1mg/mi in 10:1 TE pH 7.6. 
I 
2.11.3 Isolation of RNA from S. pombe 
Total RNA was isolated by the method of Laughton and Gesteland (1982). A 
culture was grown in YEA or EMM to an A595 0.2-0.3. Twenty ml of cells were 
harvested by filtration onto a 0.45pm membrane (Oxoid),and washed with an 
equal volume of ice-cold 0.15% NaCl. The membrane was kept at -20 °C until 
processed. The cells were resuspended in 0.5m1 of 0.5M NaCl, 0.2M Tris.HCI 
pH 7.5, 0.01M EDTA, 1% SDS in a lOmI glass test-tube and the membrane 
removed. To this was added 0.5m1 of phenol/chloroform and lg of Ballatini 
glass beads (40 mesh, BDH). The mixture was vortexed for two minutes to/ 
break up the cells, and the liquid emulsion transferred to a 1.5m1 eppendorf 
tube. The phases were separated by centrifugation and the aqueous phase 
extracted once more with phenol/chloroform. The ANA was precipitated by 
adding 2.5x volumes of ethanol at -20 °C. The RNA pellet was washed with 
70% ethanol, dried briefly under vacuum, and resolvated in sterile distilled 
water. The concentration of RNA was determined by measuring the A 260 of a 
dilute solution on a Pye Unicam SP800 ultraviolet spectrophotometer. An A 260 
of 1.0 was taken to be a RNA concentration of 40pg/ml. 
2.11.4 Isolation of polv(A)' RNA 
Total S. pombe RNA was enriched for poly(A containing sequences by 
oligo(dT)-cellulose chromatography as described by Maniatis et al. (1982). 
Oligo(dT)-cellulose type 7 (PL Biochemicals) was swollen in distilled water. A 
column (0.5g) was packed in a syringe and equilibrated in loading buffer 
containing 10mM Tris.HCI pH 7.6, 0.5M NaCl, 1mM EDTA, 1% SIDS. RNA 
samples were diluted to 2mg/mi with water and then to 1mg/mi with 2x 
loading buffer. The samples were heated to 65 °C and cooled to room 
temperature prior to loading onto the column. The flow through was reloaded 
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onto the column. The column was washed with loading buffer until the A 260 
had returned to zero. Poly(A) containing RNA was eluted with 10mM Tris.HCI 
pH 7.6, 1mM EDTA, 0.1% SDS. Fractions containing poly(A) RNA were 
combined, ethanol precipitated, and resolvated in sterile distilled water. 
2.12 ISOLATION OF PLASMID DNA FROM E. coil 
Plasmid DNA was isolated from E. co/i by the alkaline lysis method of Birnboim 
and Doly (1979) as modified in Maniatis et at (1982). This method gives an 
enrichment for closed-circular plasmid DNA by lysing the cells in the presence 
of alkali which denatures linear DNA molecules. 
2.12.1 Small-scale rapid plasmid preparation 
An eppendorf tube was filled with an stationary phase culture of E. coll.' The 
cells were peileted in a microfuge and the medium aspirated off. The pellet 
was resuspended by vortexing in 0.1ml ice-cold 50mM glucose, 25mM Tris.HC1 
pH 8.0, 10mM EDTA, containing 4mg/mi lysozyme (Sigma). After 5 minutes at 
room temperature, 0.2m1 0.2N NaOH, 1% SDS, was added and the contents 
mixed by sharply inverting the tube. After a 5 minute incubation on ice 0.15m1 
ice-cold SM potassium acetate pH 4.8 was added and the tube vortexed for a 
few seconds. The tube was incubated on ice for 5-10 minutes and then 
centrifuged at 4 ° C for 5 minutes. The supernatant was transferred to a clean 
eppendorf tube and extracted with phenol/chloroform. Two volumes of 
ethanol were added and the precipitate pelleted in a microfuge at room 
temperature. After a wash in 70% ethanol the pellet was dried briefly and 
resolvated in 2041 10:1 TE pH 7.6 containing RNase at 20pg/mi. For restriction 
digests Spi of the plasmid preparation was sufficient for visualisation by 
ethidium bromide staining after gel electrophoresis. 
2.12.2 Large-scale plasmid preparation 
A 500m1 culture was harvested in a Sorvali RC-513 centrifuge at 5000rpm for 5 
minutes. The pellet was resuspended in 40m1 ice-cold 50mM glucose, 25mM 
Tris.l-lCl pH 8.0, 10 mM EDTA, containing 5mg/mi lysozyme. After 10 minutes 
at room temperature, 80ml 0.2N NaOH, 1% SOS was added and the contents 
mixed by gentle swirling. After 10 minutes on ice 60m1 ice-cold SM potassium 
acetate (pH 4.8) was added and the contents mixed by inverting the tube 
several times. The tube was incubated on ice for a further 10 minutes and 
then centrifuged in the Sorvall centrifuge at 8000rpm for 20 minutes. The 
supernatant was poured through a plastic tea strainer, to remove particulate 
matter, into a 250m1 Sorvall centrifuge tube. The DNA was precipitated by 
adding 0.6x volume of isopropanol and then pelleted by centrifugation at 
8000rpm for 15 minutes. The pellet was resolvated in 10:1 TE pH 8.0 to a final 
volume of 30m1. To this, 33.3g caesium chloride was added and dissolved, 
followed by 3.3ml 10mg1mi ethidium bromide. Aggregates of proteins with 
ethidium bromide were removed by centrifugation at 6000rpm for 5 minutes. 
The cleared solution was transferred to an MSE 40m1 ultracentrifuge tube and 
centrifuged in a MSE vertical rotor on a MSE Prepspin 50 ultracentrifuge at 
40,000rpm for 16 hours. / 
After the centrifuge run, the plasmid DNA band could be visualised in the 
gradient by illumination with a 300nm ultraviolet source. The band was 
removed by puncturing the tube with a 19G needle and syringe, and 
withdrawing the region of the gradient containing it. The ethidium bromide 
was removed by extractions with water saturated n-butanol until the aqueous 
phase was no longer pink. The DNA was precipitated by adding 3x volumes of 
70% ethanol at 4 °C. After two further ethanol precipitations the DNA 
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concentration was determined by measuring the A 260 of a dilute solution on a 
Pye Unicam SP800 UV spectrophotometer. An A 260 of 1.0 was taken to be a 
DNA concentration of 50pg/ml. 
2.13 MOLECULAR ANALYSIS OF DNA 
2.131 Restriction enzyme digests 
Restriction enzymes were obtained from Bethesda Research Laboratories or 
Amersham plc. The "low", "medium", and "high" salt buffer system described 
by Maniatis at al. (1982) was used except for enzymes requiring a particular 
buffer for activity. Digests were terminated by adding 0.1x volume of 0.21VI 
EDTA pH 8.0. If the restricted DNA was required for another enzymic reaction 
the sample was extracted with phenol/chloroform and ethanol precipitated. 
2.13.2 Ligations 
Ligation of cohesive restriction enzyme termini was carried out in a ligation 
mix containing DNA at 1-10 pg/mI, 0.1x volume of lOx ligation buffer (0.2M 
Tris.HCI pH 7.6, DiM MgCl2,  0.1M DTT), 1mM ATP, 200pg/ml BSA, 1-2 units of 
T4 DNA ligase (Amersham). The DNA was ligated at 14 ° C overnight and the 
reaction terminated by adding 0.1x volume of 0.21VI EDTA pH 8.0. 
2.13.3 Agarose gel electrophoresis 
The vertical gel system used has been described by Southern (1979). The gel 
dimensions were 110mm or 200mm wide, 100mm deep and 3mm thick. The 
sample wells were 9mm deep and 3mm wide. Gel electrophoresis was usually 
through an 0.8% agarose gel (type 2, medium EEO; Sigma) in electrophoresis 
buffer (36mM Tris.HCI pH 7.7, 30mM NaH 2PO 4, 1mM EDTA). The applied 
voltage was 4-8 volts/cm. Following electrophoresis the gel was stained with 
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a lpg/ml solution of ethidium bromide for 20 minutes. The DNA fragments 
were visualised with an ultra-violet transilluminator (Ultra Violet Products) and 
photographs taken with a Polaroid MP4 Land camera and Polaroid Type 667 
positive film. 
213.4 Nick-translation of DNA 
Radioactive 32P-labelled probes were prepared by the nick-translation method 
of Rigby et al. (1977). Up to lpg of DNA was mixed with 10-100pCi of [ct- 32P] 
dATP (400 Ci/mmol,AAmersham  plc), SpI of each of the remaining nucleotides 
(from 200uM stock solutions), 5pl of lOx nick-translation buffer (50mM Tris.HCI 
pH 7.8, 5mM MgCl 2, 10pM 2-mercaptoethanol), 1001.19/mI BSA and H 20 to 471i1. 
To start the reaction, lpl of a 1/10,000 dilution of DNase stock solution 
(0.5mg/mI, BRL) and 21i1 (10 units) of DNA Polymerase I (Amersham plc) were 
added, and the reaction mix incubated at 14 °C for 1-2 hours. The reaction 
was terminated by adding EDTA pH 8.0 to 20mM. Unincorporated label was 
removed by an ammonium acetate/isopropanol precipitation. The DNA was 
pelleted in a microfuge, resolvated in water, and denatured by boiling just prior 
to use. 
2.13.5 Oligoprimer labelling of isolated gel fragments 
A specific restriction fragment was excised from a low gelling temperature 
agarose (1%) gel run in 40mM Tris-acetate, 5mM sodium acetate, 1mM EDTA, 
pH 8.0. Three volumes of water were added to the gel slice in an eppendorf 
tube which was then placed in a boiling water bath for 7 minutes to melt the 
gel and denature the DNA. The gel was placed in a 37 ° C water bath until 
used for the labelling reaction. About 50ng DNA was labelled using the 
Pharmacia Oligolabelling kit according to the protocol of Feinberg and 
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Vogelstein (1983) using 5pCi [c- 32P] dCTP (400Ci/mmol) and Kienow DNA 
Pal ymerase I. 
2.13.6 Filter hybridisation of DNA 
(a) Southern blotting 
A modification of the blotting method of Southern (1975) was used to detect 
specific DNA fragments in the genome. GeneScreen Nylon Membranes (New 
England Nuclear) were used to immobilise the DNA since unlike nitrocellulose 
membranes they can be reused many times without cracking or tearing. The 
procedure for Southern blotting and hybridisation was taken from the 
GeneScreen Instruction booklet. 
After gel electrophoresis and visualisation of the DNA, the agarose gel was 
denatured in 0.2N NaOH, 0.61VI NaCl for 30 minutes and then neutralised in 
blotting buffer (0.025M Na 2 HPO4/NaH 2 PO 4 pH 6.5, prepared as a 20x stock) for 
1 hour with three changes of buffer. Sheets of Whatman 1MM 
chromatography paper were soaked in blotting buffer and placed over an 
elevated glass plate so that the ends farmed wicks into a reservoir of blotting 
buffer. The gel was placed on the blotting apparatus and a GeneScreen 
membrane presoaked in blotting buffer was placed on the gel, taking care not 
to trap any air bubbles. Four pieces of Whatman paper soaked in buffer were 
placed carefully on top of the membrane, followed by a stack of paper towels 
weighed down with a glass plate. Transfer was for at least 12 hours after 
which the membrane was removed from the gel and rinsed gently in blotting 
buffer to remove any residual agarose. Finally, the membrane was air dried on 
Whatman paper and baked under vacuum at 80 ° C for 2 hours. 
Hybridisation of the filter 
The membrane was prehybridised in lOmi of 0.2% polyvinyl-pyrrolidone (MW 
40000), 0.2% BSA, 0.2% ficoll (MW 400000), 0.05M Tris.HCI pH 7.5, 1M NaCl, 1% 
sodium pyrophosphate, 1% SOS, 10% dextran sulphate (MW 500,000; 
Pharmacia) and 100g/ml denatured salmon sperm DNA (Sigma). 
Prehybridisation was at 65 ° C for at least 6 hours in a sealed plastic bag. The 
radioactive probe was added to the prehybridisation mix at <lOng/mI together 
with 2.5ml of the prehybridisation solution minus the NaCI and dextran 
sulphate. Hybridisation was at 65 ° C for at least 16 hours. 
The membrane was removed from the hybridisation solution and washed with 
agitation as follows: twice in wash buffer (0.3M NaCl, 0.06M Tris.HCI pH 8.0, 
0.002M FOTA) at room temperature for 5 minutes, twice in wash buffer 
containing 1% SOS at 60 °C for 30 minutes, and twice in wash buffer at room 
temperature for 30 minutes. The membrane was air dried briefly on Whatman 
paper, wrapped in Saran Wrap and autoradiographed. 
Autoradiography 
The wrapped filter was placed in an X-ray film cassette. A sheet of Kodak 
X-OmatS type 1 film was preflashed and placed on top of the filter. An 
intensifying screen (Du Pont Lightning Plus) was put next to the film and the 
sealed cassette placed at -70 ° C to expose the film. The film was developed 
in Kodak LX-24 developer for 4-5 minutes, rinsed in tap water and fixed in 
Kodak FX-40 fixer for 5 minutes. The developed autoradiograph was rinsed 
extensively in tap water and air dried. 
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2.14 MOLECULAR ANALYSIS OF RNA 
214.1 Denaturing gel electrophoresis of RNA 
RNA was separated using denaturing 1.2% agarose gels in lx N buffer (25mM 
MOPS pH 7.0, 5mM NaQAc, 1mM EDTA) and 6.4% formaldehyde. To form the 
gel, agarose was dissolved in 5/6 of the final volume of N buffer. The 
dissolved agarose was cooled to 60 °C, 1/6 volume of 38% formaldehyde was 
added and the gel poured. RNA samples were dissolved in a loading mixture 
of 50% (v/v) formamide, 1/6 volume of 38% formaldehyde solution, lx N 
buffer, and heated at 60 ° C for 5 minutes to denature the RNA. The samples 
were cooled to room temperature and ipi of 2mg/mi ethidium bromide added 
to visualise the RNA after electrophoresis. The samples were loaded and the 
gel was run in lx N buffer at 50 volts for 3-4 hours. The gel was 
photographed under UV illumination and the S. pombe ribosomal RNA bands 
were used as size markers and to check the integrity of the RNA. 
2.14.2 Filter hybridisation of RNA 
Northern blotting 
After electrophoresis the formaldehyde denatured RNA was transferred directly 
to a GeneScreen membrane (as described in section 2.13.6) without any 
pretreatment of the gel. 
Hybridisation of the filter 
The GeneScreen filter was hybridised as recommended by the manufacturer in 
50% formamide with dextran sulphate. The membrane was prehybridised in 
lOmI of 50% (v/v) formamide, 0.2% polyvinyl-pyrrolidone, 0.2% BSA, 0.2% 
ficoll, 0.05M Tris.HCI pH 7.5, 1M sodium pyrophosphate, 1% SDS, 10% dextran 
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sulphate, and lOOpg/mi denatured salmon sperm DNA. Prehybridisation was in 
a sealed plastic bag at 42 ° C for at least 6 hours. The radioactive probe was 
added to a final concentration of less than long/mi together with 2.5ml of the 
prehybridisation mix minus the NaCl and dextran sulphate. Hybridisation was 
at 42 °C for at least 16 hours. 
The membrane was removed from the hybridisation solution and washed with 
agitation as follows: twice in 2x SSC (03M NaCI, 0.03M sodium citrate) at room 
temperature for 5 minutes; twice in 2x SSC, 1% SOS at 65 ° C for 30 minutes; 
and twice in O.lx SSC at room temperature for 30 minutes. The membrane 
was air dried briefly on Whatman paper, wrapped in Saran Wrap and 
autoradiographed at -70 ° C. 
The bound radioactive probe could be removed from the membrane by 
washing in a large volume of 5mM Tris.HC1 pH 8.0, 0.2mM EDTA, 0.05% sodium 
pyrophosphate, 0.002% polyvinyl-pyrrolidone, 0.002% BSA, 0.002% ficoll at 
70 ° C for one hour. 
2.15 CLONING IN M13 PHAGE 
2.15.1 M13 vectors and E. coil strains 
The cloning vectors M13mp18 and M13mp19 (Figure 2.2A; Norrander at at, 
1983) were used. The lac DNA fragment encodes a -galactosidase 
polypeptide which can complement the defective -galactosidase produced in 
an appropriate F. co/i strain. A polylinker containing an array of restriction 
enzyme sites has been inserted in frame into the -galactosidase gene. The 
integrity of the lac DNA can be assayed by an in situ colour reaction; phage 











The E. co/i strain used for M13 cloning was JMI01 (Messing, 1983) which has 
the genotype tx/ac pro, supE, tht F'traD36 proAB /ac1' 4 ZAM75 The M13 phage 
requires conjugal F pili for infection and so can only infect cells with an F 
episome. The F episome carries the proAB gene so that it can be maintained 
by selection, complementing the chromosomal pro deletion. The F' episome 
also carries the defective IacZ gene which is complemented by the M13mp /ac 
DNA. 
2.15.2 Media and growth conditions for M13 phage 
Media and growth conditions were as described in detail by Messing (1983) 
JM101 was streaked onto M9 minimal plates supplemented only with thiamine 
to maintain the F episome. M9 contains 6g/l Na 2 HPO4, 3g/I KI-1 2 PO 4, 0.5g/l 
NaCl, lg/l NH 4CI, and imI 1M MgSO 4 , lOmI 20%  glucose, imI 1% thiamine and 
lOmI 0 . 01 M CaCl2 are added to each litre after autoclaving. Agar was added 
to 2% for plates. 
The complex medium 2xYT was used to grow up M13 infected cells. It 
contains 16g/I Bacto-tryptone, lOg/I yeast extract, bg/l NaCl, and 20g/l agar 
for plates. 
B broth gave a clearer distinction between blue and colourless plaques and 
was used when screening for recombinant phage. B broth contains log/I 
Bacto-tryptone, 89/1 NaCl, lml/l 1% thiamine, and 20g/l agar for plates or fig/I 
agar for top agar. 
2.15.3 Transformation of E. coil JM1O1 
E. co/i strain JM101 was transformed as described by Messing (1983). A 
stationary phase preculture in 2xYT was diluted 1/100 into a flask of 2xYT and 
incubated at 37 ° C with agitation. At an A 650 0.4-0.5 the cells were transferred 
to disposable sterile McCartney tubes and harvested at 4 °C in an MSE 
benchtop centrifuge at top speed. The cells were resuspended in one-half the 
culture volume of ice-cold 50mM CaCl 2. After 20 minutes on ice the cells 
were harvested again and resuspended in 1/10 of the culture volume of 
ice-cold 50mM CaCl 2 . Aliquots of 0.3m1 were dispensed into lOmi sterile 
disposable test tubes and the DNA added in lOpI or less. The transformation 
mixture was placed on ice for 40 minutes and then heat pulsed at 42 ° C for 2 
minutes. The mixture was transferred to room temperature and lOjil IPTG 
(100mM), SOpI Xgal (2% in dimethylformamide), 200111 exponentially growing 
JM101 cells, 3rnl soft agar (B broth), were added. The slurry was poured onto 
B broth plates and incubated at 37 ° C until plaques formed. 
2.15.4 Growth of recombinants for DNA isolation 
A single colourless plaque was transferred using a pasteur pipette to 2.5m1 
2xYT containing a 1/100 dilution of stationary phase E. coil strain JMJOI in a 
lOmI sterile disposable test tube. The culture was incubated with vigorous 
shaking for 6 hours at 37 ° C. 
2.15.5 Isolation of M13 DNA 
Replicative form (RF) DNA 
Part of the culture was transferred to a 1.5ml eppendorf tube and the bacteria 
pelleted by centrifugation for 1 minute. RF DNA was isolated by the method 
of Birnboim and Doly (1979) as described in section 2.12.1. 
Single-stranded DNA (sSDNA) 
The supernatant from the RF DNA preparation (about 1.3m1) was added to 
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0.2mI 27% PEG 6000, 3.3M NaCl in a 1.5m1 eppendorf tube. The contents were 
mixed and placed at 4 °C for 1 hour. The precipitated phage particles were 
pelleted in a microfuge and the supernatant removed by aspiration. The phage 
were resuspended in 0.65m1 10:1 TE pH 7.6 and to this was added 40p1 40% 
PEG 6000 and SOpI 5M NaCl. The contents were mixed and left at room 
temperature for a further 30 minutes. The phage particles were pelleted again 
and resuspended in 0.3m1 10:1 TE pH 7.6. The viral coat proteins were 
removed by a phenol extraction followed by a phenol/chloroform extraction. 
The DNA was ethanol precipitated and resuspended in lOpi 10mM Tris.HCI pH 
7.6, 0.1 mM EDTA. 
2.15.6 Preparation of strand-specific radioactive probes using M13 
The method of Hu and Messing (1982) was used (illustrated in Chapter4, Figure 
4.2). A hybridisation primer was annealed to a single-stranded M13 template 
just "downstream" of the insert sequence. The primer was extended with 
Kienow DNA Polymerase I and a limiting amount of a [a- 32P] labelled 
nucleoside so that the extension products did not extend as far as the insert 
sequence. In this way the vector sequences are made double-stranded and 
radioactively labelled, whereas the insert sequence will remain single-stranded 
and available for hybridisation. The labelled molecule must not be denatured 
as this would separate the labelled DNA strand from the single-stranded insert 
sequence. 
In a typical reaction ipI (0.1pg) single-stranded DNA, lpl (2ng) hybridisation 
primer (Pharmacia), 1.5p1 H buffer (70mM Tris.HCI pH 7.5, 70mM MgCl 2, 500mM 
NaCI), lpl 0.1M OTT, 4.541 water were mixed and incubated at 55 °C of 5 
minutes. The annealing mix was transferred to room temperature for 20 
minutes. Then lOpCi [- 32 P] dATP, lpl dNTP mix (500pM each of dGTP, dCTP, 
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dTTP) and ljil Kienow DNA Polymerase 1(2 units) were added. Incubation was 
continued at room temperature for 1 hour and the reaction terminated by 
adding Dlx volume of 0.2M EDTA pH 8.0. 
2.16 CLONING IN p17 PLASMIDS 
2.16.1 p17 plasmids 
The pTZ plasmids are derivatives of the pUC plasmids (Vieira and Messing, 
1982) that contain the fl origin of replication and so can be converted to 
single-stranded DNA by superinfection with a M13 helper phage (Figure 2.213; 
Analects 13, Pharmacia). 
2.16.2 Production of single-stranded DNA using the p17 plasmids 
E. co//strain JM101 containing a pTZ plasmid was grown at 37 ° C in 2xYT with 
lOOpy/mI ampicillin to an A 600 0.8-1.0. Two ml of this culture was infected 
with M13K07 at a multiplicity of infection of 10. The culture was shaken 
vigorously for 1 hour at 37 °C after which 0.4m1 of the infected culture was 
added to lOmI 2xYT with 70pg/ml kanamycin. The culture was incubated at 
37 ° C with shaking for 18 hours and single-stranded DNA prepared from the 
culture supernatant as described in 2.15.5. 
2.17 CONSTRUCTION OF DELETIONS FOR DNA SEQUENCING 
The method of Henikoff (1982) was used to generate a series of deletions by 
unidirectional digestion with Exonuclease Ill (ExoIll). The double-stranded DNA 
was digested with Sall which gives a 5'-overhang susceptible to ExoIll 
digestion, and with SphI which gives a 3'-overhang not susceptible to ExoIll 
(see Chapter 5 for the recombinant clones used). The digested DNA was 
ethanol precipitated, resolvated in 66mM Tris.HCI pH 8.0, 0.66mM MgCl 2 to a 
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concentration of lOOug/ml, warmed to 37 ° C, and 0.1x volume of ExoIll (6700 
units/ml, ORL) added. Aliquots of 2.5pl were removed at 30 second intervals 
into 7.51il 0.2M NaCl, 5mM EDTA on ice. About 15 aliquots were taken. The 
Exoill was inactivated at 70 ° C for 10 minutes and the DNA precipitated by 
adding 301i1 ethanol to each sample. The DNA was resolvated in 50pl 0.25M 
NaCl, 30mM potassium acetate pH 4.6, 1mM ZnSO 4, 5% glycerol and 67 Vogt 
units/ml Si nuclease (BRL). After 1 hour at room temperature the reaction 
was stopped by adding 61i1 0.5M Tris pH 8.0, 0.125M EDTA and one-half of 
each sample was run on an agarose gel to monitor the digestion. The 
samples were phenol extracted, chloroform extracted and ethanol precipitated. 
Each pellet was dissolved in iOpl 20mM Tris.HC1 pH 8.0, 7mM MgCl 2, 10 
units/ml Klenow DNA Polymerase I and incubated at 37 °C for 2 minutes. A 
mixture of the four dNTPs, each at 0.125mM, was added and the incubation 
continued for a further 2 minutes. Each sample was mixed at room 
temperature with 4011 66mM Tris.HCI pH 7.6, 6.6mM MgCl 2, 10mM DTT, 
lOOpg/ml BSA, 1mM spermidine, 0.2mM ATP and 25 units/ml T4 DNA ligase. 
After 6 hours at room temperature an aliquot was used to transform E. co/i 
strain JM101 cells. Plaques or colonies (depending whether the inserts were in 
M13 or pTZ) were picked, and RF or piasmid DNA prepared. The supercoiled 
DNA was digested with restriction enzymes and run on an agarose gel to find 
deletions of the appropriate size. 
2.18 DNA SEQUENCING 
2.18.1 DNA sequencing by Sanger's dideoxy method 
The method employed for DNA sequencing was the chain-terminator dideoxy 
method introduced by Sanger et al. (1977). This method utilises the Klenow 
fragment of DNA Polymerase I, which lacks the 5'-3' exonuclease activity of 
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the intact enzyme, to synthesise a complementary copy of a single-stranded 
DNA template using a short oligonucleotide as a primer. For each sequence to 
be determined, four primer extension reactions are performed each containing 
one analogue of a dNTP nucleoside (a 2',3'-dideoxynucleoside triphosphate or 
ddNTP) which can be incorporated into the growing chain but prevents further 
elongation. In each reaction mix there will be a population of partially 
synthesised DNA molecules each having a common 5'-end but varying in 
length to a base specific 3'-end where a ddNTP has been incorporated. The 
four chain elongation reactions are then size-fractionated in parallel on a 
denaturing polyacrylamide gel. If one of the dNTPs included in the reactions is 
radiolabelled, the sequencing ladders can be visualised by autoradiography of 
the gel and the sequence read. A recent improvement to the methodology 
has been the use of [a- 35S]dATP instead of [a- 32P]dATP as a radiolabel, and 
buffer gradient polyacrylamide gels (Biggin at at. 1983). 
2.18.2 Reagents for dideoxy sequencing 
The reagents for sequencing were purchased from Bethesda Research Labs. as 
a DNA sequencing kit. The method for the sequencing reactions is described 
in detail in the BRL Cloning/Dideoxy Sequencing Manual modified for the use 
of (a -35S]. 
Polymerase reaction buffer: 100mM Tris.HCI pH 8.0, 50mM MgCl2 
A0 mix: 201.tl 0.5mM dCTP, 20111 0.5mM dGTP, 20p1 0.5mM dTTP, 20111 Pol buffer. 
C O mix: ipI 0.5mM dCTP, 20p1 0.5mM dGTP, 20p1 0.5mM dTTP, 20311 Pol buffer. 
C 0 mix: 201il 0.5mM dCTP, ipI 0.5mM dGTP, 201i1 0.5mM dTTP, 20p1 Pol buffer. 
T0 mix: 201j1 0.5mM dCTP. 20pl 0.5mM dGTP, ipI 0.5mM dTTP, 2041 P01 buffer. 
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ddATP: 0.05mM dideoxy ATP 
ddCTP: 0.1mM dideoxy CTP 
ddGTP: 0.1mM dideoxy GIP 
ddTTP: 0.2mM dideoxy UP 
Stop mix: 0.1% xylene cyanol FF, 0.1% bromophenol blue, 10%  EDTA p1-I 8.0, 
95% deionised formamide. 
2.18.3 Primer annealing reactions 
Each annealing reaction contained SpI template DNA (0.5-1.Opg), 2p1 primer 
(Sng), 1.5p1 Pol buffer, 3.5j.il water, in a 1.5m1 eppendorf tube. The sample was 
placed in a 75 °C waterbath and the bath allowed to cool for 30 minutes. The 
annealed templates could be stored at -20 ° C at this stage. 
2.18.4 Sequencing reactions 
To the annealing reaction was added 15pCi (1.5pl) [cz- 355]dATP (600Ci/mmol), 
and ipl Klenow fragment (2 units). Four 3p1 aliquots were dispensed into 
reaction tubes (A, C, G, 1) and ipI of the appropriate N o mix and lid  of the 
appropriate ddNTP mix were added to the sides of the tubes. The contents of 
each tube were mixed by a brief centrifugation in a microfuge. After 20 
minutes at room temperature 1 p1 0.5mM dATP was added to each tube, and 
after a further 15 minutes the reactions were terminated by adding 10p1 of the 
stop mix. 
2.18.5 Polyacrylamide gel electrophoresis 
Buffer gradient gels were used as described by Biggin et al. (1983). Increasing 
the buffer concentration in the lower part of the gel decreases the electrical 
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resistance and therefore the voltage (by Ohm's law) causing a reduction in the 
migration rate of DNA molecules. The gel can be run for longer so that DNA 
molecules in the upper part of the gel will have increased separation by virtue 
of having travelled through a greater length of gel. 
The gel electrophoresis system used was the Model 1800 from Bio-Rad 
Laboratories designed for 35 x 40cm gels. Buffer gradient gels were prepared 
as follows. Two 6% acrylamide (19:1, acrylamide:bisacrylamide) solutions were 
prepared: a "light" solution containing 6% acrylamide, 0.5x TBE (lox TBE is 
90mM Tris, 90mM borate, 1mM FOTA), and 7.67M urea (ultrapure, BRL); and a 
"heavy" solution containing 6% acrylamide, 2.5x TBE, 7.67M urea, 10% sucrose, 
and 0.005% BPB. Polvmerisation was initiated by adding 1 p1 25% (w/v) 
ammonium persulphate (BRL) and lpl TEMED (tetramethyl-ethylenediamine) per 
ml of gel mix. A 25 ml pipette was used to draw up 12m1 of the "light" 
solution followed by 12ml of the "heavy". The interphase was mixed by 
causing one or two bubbles to run up the pipette. This crude gradient was 
poured down one side of a gel mould (35 x 40cm siliconised glass plates, 
0.35mm thick gel). The remainder of the "light" solution was poured on top of 
the gradient to fill the gel mould. A comb made of Teflon was inserted to 
form the sample wells and the gel left to polymerise for at least 1 hour. 
The polymerised gel was placed in the electrophoresis chamber which was 
then filled with lx TBE prewarmed to 60 °C. The samples were heated at 
>90°C for 3 minutes and 2-31il of each was loaded into a sample well using a 
drawn-out capillary. The gel was run at a constant current of 40mA (about 70 
Watts and 1800 Volts) with a Bio-Rad Model 3000/300 power supply until the 
BPB indicator had run off the end of the gel (about 2.5 hours). After 
separation of the plates the gel was fixed in 10% (v/v) acetic acid, 10% 
I 
Methanol for 10-15 minutes. The relevant part of the gel was transferred to 
Whatman 1MM paper, covered with Saran Wrap, and dried under vacuum at 
80 ° C for about 45 minutes. The Saran Wrap was removed and the dried gel 
exposed to Kodak X-OmatS film at room temperature. 
2.19 Computer analysis 
Computer analysis of the DNA sequence was performed with the University of 
Wisconsin Genetics Computer Group (UWGCG) Sequence Analysis Software 
Package (Version 5) described by Devereux et at (1984). This package runs on 
a DEC VAX computer using the VAX/VMS operating system. 
CHAPTER 3 
CHAPTER 3 - ISOLATION OF THE cdc27 GENE OF S. pombe 
3.1 INTRODUCTION 
This chapter describes the isolation of a DNA sequence from S. pombe which 
rescues the ts lethality of mutations in the cdc27 gene. The principle of the 
method used to isolate this DNA sequence from an S. pombe gene library has 
been described in Chapter 1 (1.4.3 and Figure 1.3). Genetic evidence is 
presented which demonstrates that this DNA sequence contains the authentic 
cdc27 gene and not an extragenic suppressor sequence. 
3.2 RESULTS 
3.2.1 Isolation of plasmids which rescue a cdc27 mutation 
To screen for the cdc27 gene a cdc27-P17 /eul-32 h strain of S. pombe 
was transformed with the pDB248/SauIIIA gene library described in Chapter 2 
(2.8). Transformants ( \eu cells) were selected on EMM-sorbitol plates at 
25 °C. After eight days the transformants were replica plated to EMM-magdala 
red plates and incubated at 35 °C. After an overnight incubation there were 
ten transformants able to grow at the restrictive temperature for the cdc27 
mutation. Another 36 transformants showed obvious growth after two days at 
35 °C; these were derived from smaller primary colonies. In total 46 cdc 
transformants were obtained after screening more than 50000 independent 
transformants. Microscopic examination of all 46 cdcj transformants revealed 
that the size of cells at division was similar to wild-type (cdc) cells. Cell 
viability as judged from colouration on EMM-magdala red plates was 
indistinguishable from wild-type. Ten of these cdC transformants (Ti to Tb) 
were streaked onto EMM to isolate single colonies for further analysis. 
3.2.2 Segregation of the dc, and tci phenotypes 
It is important to show that the cdc phenotype is conferred by an 
autonomously replicating plasmid and is not due to reversion or a second-site 
mutation in the genome. This was done by taking advantage of the mitotic 
instability of the pDB248 vector such that only a proportion of cells contain 
the plasmid even when grown under selection (Beach and Nurse, 1981). 
Transformants Ti to TiO were streaked for single colonies without selection 
on YEA plates at 25 ° C. For each transformant, 25 colonies were transferred to 
YEA master plates at 25 °C and then replica plated to EMM at 25 ° C and 
EMM-magdala red supplemented with leucine at 35 ° C. The average mitotic 
stability (eLZ colonies) was 80%, in agreement with the value reported by 
Beach and Nurse (1981). Table 3.1 shows that for 8/10 transformants, loss of 
the cC phenotype was always accompanied by loss of the \&_.+ phenotype. 
Therefore, the côc 1 phenotype must be conferred by a mitotically unstable 
plasmid in 8/10 of the transformants. 
3.2.3 Recovery of plasmid DNA from the CAe transformants 
Total DNA was isolated from Ti to T8 and used to transform E. co/i strain 
BJ5183 selecting for ampicillin resistance. A number of ampicillin resistant 
colonies were obtained from each of the eight primary yeast transformant DNA 
samples. Plasmid DNA was extracted from these and subject to agarose gel 
electrophoresis with the vector pDB248 as a plasmid size marker. As can be 
seen from the resulting gel photographs (Figure 3.1), a number of different size 
classes of supercoiled plasmid DNA were obtained. Plasmids of size class (1) 
(such as 1-1 to 1-3, 5-1 to 5-3, 5-6, and 6-1 to 6 -5) were only just larger 
.30 
Table 3.1 Segregation of cat and \Qu phenotypes in the primary transformants 
Transfornlaflt 	coC I a.i. 	ccXC \eJ 	cc\cE ktxi 	Total 
Ti 24 0 0 
1 25 
T2 20 0 0 
5 25 
T3 22 0 0 3 
25 
T4 21 0 0 4 
25 
T5 20 0 0 
5 25 
T6 21 0 0 
4 25 
T7 15 0 0 10 
25 
T8 25 0 0 0 
25 
T9 16 0 0 9 
25 
T10 20 2 0 3 
25 
than pDB248 (10.6kb). Plasmids in size class (2) (2-3 to 2-6) all came from T2. 
The predominant size class was (3) (which included 2-1 and 2-2, 3-1 to 3-6, 
4-1 and 4-3, 7-1 to 7-5, and 8-1 to 8-6); all the plasmids in this size class 
contained a 5.0kb BamHl fragment (data not shown). In a few cases, for 
example 5-2, 6-1, 6-4 and 6-5. the E. co/i transformants appeared to contain 
two different plasmids. One was a plasmid of size class (1) and the other was 
a larger plasmid of the predominant size class (3). The occurrence of two 
different plasmids in the the same E. co/i clone in a number of independent 
cases suggests that one plasmid is derived from the other. 
32.4 Reintroduction of plasmid DNAs into a cdc27 mutant 
Plasmid DNAs from each of the three size classes recovered from the primary 
yeast transformants were used to transform a cdc27-P17 /eul-32 h strain. 
Prototrophic transformants were replica plated to YEA-magdala red at 35 ° C to 
test for rescue of the ccXC phenotype. The results (Table 3.2) indicate that 
plasmids of size classes (2) and (3) rescued the ts cdc defect whereas 
plasmids of size class (1) did not. The transformants of the DNA from 5-2, 
which contained two sizes of plasmids, were either or càc. This is 
consistent with only one of the two plasmids being able to rescue the cdc 
defect. The primary yeast transformant 12 gave two size classes of plasmid 
which could confer a cdc? phenotype. Evidence presented below (3.2.5) 
suggests that the smaller size class (2) is derived by deletion of sequences 
from plasmids of the larger size class (3). To reduce the possibility of further 
plasmid rearrangements, plasmids 2-3, 3-1 and 7-1 were transferred to the 
rec.4 E. co/i strain JA221. 






GEL2 3-1 -2 -3 -4 -5 -6 4-1 -2 -3 -4 5-1 -2 -3 -4 -5 -6 pDB 
-oc 
- SC 
GEL3 6-1 -2 -3 -4 -5 -6 7-1 -2 -3 -4 -5 8-1 -2 -3 -4 -5 -6 pDB 
- oc 
-Sc 
Figure 3.1 Agarose gel electrophoresis of plasmids derived from cdc 
transformantS 
Plasmid DNA was isolated from ampicillin resistant E. co/i clones after 
transformation with DNA from 8 primary yeast transformantS (Ti to T8), and 
then subject to gel electrophoresis. The vector pDB248 was run alongside as a 
plasmid size marker; the supercoiled (Sc) and open circular (oc) forms are 
indicated on each gel. Gel 1 has plasmids from Ti and T2; gel 2 from T3. T4, 
and T5; gel 3 from T6, T7. and T8. 
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Table 3.2 Testing plasmids recovered from the cdc transformants for their ability to 
rescue a cdc27-P77 mutant 	- 
Plasmid Phenotype Size Class 
1-1 cdc 1 
2-1 cdc
+  3 
2-3 cdc





+  2 
2-6 cdc







5-1 cdc 1 
5-2 cdctcdc 1,3 
pDD248 	 . cd5 
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carrying the cdc27-K3 mutant allele and all three were able to rescue the ts 
cdc defect. Therefore, the ability of these plasmids to rescue the cdc 
defect does not appear to be allele specific. 
3.2.5 Preliminary restriction analysis of the cdc27 complementing clones 
Figure 3.2 shows an agarose gel of plasmids 2-3, 3-1, and 7-1, digested with 
the restriction enzymes BamHl, HindlIl, and Pstl, all of which cut pDB248 once 
only, and with Sail which cuts twice in pDB248. Plasmids 3-1 and 7-1 are 
clearly very similar and may be identical. The BamHl digest of these two 
plasmids gives one fragment indistinguishable from linearised pDB248 (10.6kb), 
and a second fragment of 5.0kb which is likely to contain all of the insert DNA. 
Plasmid 2-3 is different from 3-1 and 7-1 but may have a Hindill fragment of 
about 3.5kb in common. The following evidence suggests that plasmid 2-3 is 
derived from 3-1 by deletion of sequences including part of the vector: 
Plasmid 2-3 is derived from the same primary transformant as the larger 
plasmid 2-1 which has the same 5.0kb BamHl insert as 3-1 and 7-1 (data not 
shown). 
Digestion of 2-3 with Sail gives a single band showing that the plasmid 
has lost one of the two sites in the vector pDB248. 
In the following analysis plasmid 3-1, hereafter called pCDC27-1, is used as it 
appears to be typical of the cdc plasmids isolated in the screen for the 
cdc27 gene. 
3.2.6 Restriction map of pCDC27-1 
A restriction map of the insert in pCDC27-1 was constructed by a series of 
single and double digestions (Figures 3.3 and 3.4). It seems likely that the 
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Figure 3.2 Restriction digests of cdc plasmids 
Plasmid DNA was digested with restriction enzymes and run on an agarose 
gel. The 3 plasmids were 2-3, 3-1, and 7-1, together with uncut pDB248 and 
linear size markers. LI is uncut plasmid DNA, B is cut with BamHl, H is cut 
with Hindill, P is cut with PstI, and S is cut with Salt. 
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Figure 3.3A Restriction digests of pCDC27-1 
Plasmid DNA was digested with restriction enzymes and subject to agarose gel 
electrophoresis. 
Track 1 is pDB248 digested with BamHl. 
Tracks 2, 3, and 4, are single digests of pCDC27-1 with BamHl, Hindlil, and Pstl 
respectively. 
Tracks 5, 6, and 7, are double digests of pCDC27-1 with Bam11-Hifldlll, 
BamHl-Pstl, and Hindlll-Pstl respectively. 
Track 8 is pCDC27-1 digested with Pvull. 
Track 9 is a size marker of A DNA digested with Hindlil; the sizes of the 













Figure 3.3B Calculation of restriction fragment sizes from digests of pCDC27-1 
The mobility of the X DNA fragments (Fig. 3.3A) was plotted against the lO9ig 
of their sizes in kb. This relationship gives an approximately linear plot (see 
graph above). The sizes of the pCDC27-1 restriction fragments were 
estimated using this standard plot. 
BamHl digest: 10.6kb, 5.0kb 
Hindlil digest: 10.2kb, 3.5kb, 1.5kb, 0.250 
Pstl digest: 8.6kb, 3.2kb, 1.5kb, 0.35kb*, 0.25kb 
Bam11-Hindlll digest: 10.2kb, 7.2kb 
BamHi-Psti digest: 7.4kb, 3.7kb, 3.3kb, 1.4kb 
Hindlll-Pstl digest: 7.1kb, 3.4kb, 1.85kb, 1.7kb, 1.5kb, 0.25kb 
Pvuil digest: 11.4kb, 4.2kb 
The fragments marked * are not visible on the gel (Fig. 3.34) because of their 
small size; their sizes were estimated in another experiment (not shown). 
A pCDC27-1 
BH(H) 	(H)H 	PV 	P 	 B H 
\fI II I I I 	I 
B pCDC27-2 
	
H 	PV 	P K 	BHBC 
I I I 	I I 	Ii' 
1kb 
Figure 3.4 Restriction maps of the inserts in pCDC27-1 and pCDC27 -2 
Thick lines indicate S. pombe DNA sequences; thin lines are flanking vector 
sequences. B, BamHl site; Bc, Bcll site; H, HindlIl site; K, Kpnl site; P, Pstl site; 
Pv, Pvull site. The bracketed Hindlil sites indicate two possible locations of 
one HindIll site in pCDC27-1. The BamHl sites in pCDC27-1 are at or very 
close to the ends of the S. pombe DNA (see text). 
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BamHl sites have been reconstituted at both ends of the insert since digestion 
of pCDC27 - 1 with this enzyme gives a 10.6kb fragment identical in mobility to 
BamHl linearised pDB248 (Figure 3.3). Therefore the 5.0kb BamHl fragment 
probably contains all the insert DNA. 
3.2.7 Relationship of the insert in pCDC27-1 to the genome 
To establish the relationship between the insert in pCDC27-1 and the 
S. pombe genome, a Southern blot of restriction enzyme digested S. pombe 
genomic DNA was probed with radioactively labelled pCDC27-1. The resulting 
autoradiograph (Figure 3.5) shows a pattern of hybridising bands which is not 
consistent with the insert in pCDC27-1 being colinear with the S. pombe 
genome. The following points illustrate this: 
pCDC27-1 hybridises to three BamHl fragments whereas the restriction 
map of the insert (Figure 3.4) predicts that it should hybridise to a single 5.0kb 
fragment, assuming that the BamNI sites are at the precise ends of the insert. 
In addition, the most intense of the genomic BamHl fragments is 4.5kb which 
is 0.5kb smaller than the pCDC27-1 BamHl fragment. On another Southern 
blot (not shown) pCDC27-1 and genomic DNA digested with BamNI were run 
in parallel and probed with pCDC27-1. As predicted, the genomic 4.5kb 
fragment ran ahead of the pCDC27-1 fragment. 
The 1.50kb Hindlll fragment of pCDC27-1 is not present in the genomic 
digest but is replaced by a 1.85kb HindlIl fragment. 
pCDC27-1 hybridises to three Pstl fragments rather than two as predicted 
from the restriction map of the insert. 
The 3.1kb BamNI-HindlIl fragment of pCDC27-1 was subsequently shown to be 
colinear with the S. pombe genome (3.2.9). Thus it is likely that this plasmid 







Figure 35 Southern blot of S. pombe DNA probed with pCDC27-1 
Wild-type (972) DNA (3 jig) was digested with restriction enzymes, separated 
by agarose gel electrophoresis and Southern blotted. The Southern blot was 
hydridised with pCDC27-1 radiolabelled by nick- translation. 
Tracks 1, 2, and 3 are single digests with BamHl, Hindill, and Pstl respectively. 
Tracks 4, 5, and 6 are double digests with BamHl-Hindlll. BamHl-Pstl, and 
Hindlll-Pstl respectively. 
Sizes of the Hindllt fragments of X DNA are shown. 
The sizes of the fragments hybridising to pCDC27-1 were estimated as 
described in Figure 3.313. 
BamHl digest: 8.8kb, 4.5kb, 2.95kb 
Hindlll digest: 4.7kb, 1.85kb 
Pstl digest: 8.8kb, 4.7kb, 4.5kb 
BamHl-Hindlll digest: 3.2kb. 3.1kb, 1.95kb 
BarnHl-Pstl digest: 8.2kb, 3.2kb, 1.4kb 
Hindlll-Pstl digest: 2.95kb, 1.85kb 
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has a cloning artefact within the 1.50kb HindlIl fragment, possibly as the result 
of the coligation of two SaulliA fragments from different regions of the 
g en am e. 
3.2.8 Delimiting the cdc
+ 
 activity within pCDC27-1 
The 3.5kb HindIll fragment of pCDC27-1 (containing a 3.1kb BamHl-Hindlll 
S. porn/is DNA insert) was subcloned into the autonomously replicating 
shuttle-vector pDB262 to give the plasmid pCDC27-2 (Figure 3.4). This 
plasmid complements the cdc27-P77 and cdc27-K3 alleles. Therefore the 
cdc + activity lies within the 3.1kb BamHl-Hindlll fragment. 
To determine whether the cdc activity could be delimited further, the 1.35kb 
BamHl-Pstl (as a 1.7kb HindlIl-Pstl fragment) and the 1.85kb Hindlll-Pstt 
fragments were cloned into p08262 to give pDB(1.7) and p08(1.85) 
respectively. Neither of these plasmids rescued either of the cdc27 mutant 
alleles. Therefore the Pstl site lies within the gene responsible for cdc 
activity. 
3.2.9 Relationship of the 3.1kb Bami-Il-Hindlll fragment to the genome 
Before proceeding further it was necessary to establish whether the 3.1kb 
cckc + subclone is colinear with the genome since any ligation artefacts (as 
found in pCDC27-1) would complicate subsequent molecular analysis. A 
Southern blot of S. porn/is DNA digested with restriction enzymes was probed 
with pCDC27-2 containing the 3.1kb BamHl-Hindlll fragment. The resulting 
autoradiograph (Figure 3.6A) gave a pattern of hybridising fragments entirely 
consistent with the restriction map of the pCDC27-2 insert (Figure 3.4B). The 
single hybridising bands in the BamHl and Hindlll digests (Figure 3.6A) indicate 
71 







'U.. 	 -4.4 
- 23 
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Figure 3.6 Structure of the chromosome around the cdc27 gene 
Southern blot of S. pombe DNA probed with pCDC27-2 
Tracks 1, 2, and 3 are single digests with BamHl, Hindill and PstI respectively. 
Tracks 4, 5, and 6 are double digests with SamHl-HindlIl, BamHt-PstI and 
Hindlll-Pstl respectively. 
The sizes of fragments hybridising to pCDC27-2 were estimated as described 
in Figure 3.313. 
BamHl digest: 4.5kb. 	 BamHI-HindIlI digest: 3.1kb. 
Hindlil digest: 4.7kb. BamHl-PstI digest: 3.2kb, 1.4kb. 
Pstl digest: 4.7kb, 4.5kb. 	 HindHHPstl digest: 2.95kb, 1.85kb. 
Restriction map of the chromosome around the cdc27 gene 
B. BamHl site; P, Pstl site; H, Hindlil site. Thick line indicates the insert DNA in 
pCDC27-2. 
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that the insert is a single copy gene (although it is formally possible that the 
sequence is from a tandemly repeated array). Using the information from this 
Southern blot a restriction map of the chromosome around the putative cdc27 
gene was constructed (Figure 3.613). 
3.2.10 Genetic evidence that pCDC27-1 contains the cdc27 gene 
As described in Chapter 1 (1.43, Figure 1.4), to confirm that the authentic gene 
has been cloned it is necessary to show that the cloned sequence can 
recombine specifically with the chromosomal cdc27 locus. The 5.0kb BamNi 
fragment from pCDC27-1 was subcloned into the BamHl site of the integrating 
vector pESP1 to give pESP1(5.0), and into the Bcll site of the replicating vector 
pDB262 to give pDB262(5.0) (Figure 3.7). Surprisingly, when pESP1(5.0) was 
transformed into a cdc27-P71 Ieul-32 h strain a large number (-5x10 3/pg 
DNA, Table 3.5) of mitotically unstable clJ kJ transformants were obtained. 
This suggests that the insert contains an autonomously replicating sequence 
(ars) which enables pESP1(5.0) to transform at a high frequency. The 
frequency of integration can be increased in S. cerevisac by introducing a 
double-stranded cut into the yeast DNA on the plasmid (Orr-Weaver et at, 
1981). In the hope that this would also be the case in S. pombe, pESP1(5.0) 
and pDB262(5.0) were digested with Pvull which cuts once within the insert. In 
the case of pESP1(5.0) there is another Pvull site within the vector, but the 
orientation of the insert is such that the 3.1kb BamNI-RindlIl fragment required 
for cdc activity is still linked to the LEU2 gene of the vector (Figure 3.7). 
There is no Pvull site in pDB262 so that digestion of pDB262(5.0) with this 
enzyme gives a single linear fragment cut within the insert. The PvulI 
digested plasmids were used to transform a cdc27-P17 faul-32 h strain, 












Figure 3.7 Plasmids used in the integrative transformation• 
74 
phenotype and mitotic stability. The mitotic stability was initially assayed 
simply by replica plating to YEA-magdala red plates at 35 ° C and microscopic 
examination of the colonies. Colonies which contained a large number of 
cckC cells were mitotically unstable, whereas colonies with few cócS cells 
proved to be mitotically stable. Among the ku transformants were a number 
of ccç_ colonies (Table 3.3). One explanation for these is that they arose by 
conversion of the plasmid borne cdc27 gene by the chromosomal cdc27-P71 
allele during repair or integration of the plasmid (Orr-Weaver at a/, 1981). 
Such a gene conversion event might occur at a significant frequency if the 
double-stranded cut was made close to the cdc27-P11 mutant site, since 
degradation of the plasmid past this sequence would make it impossible to 
recover a cdc27 transformant. 
Five of the presumptive cAc \w integrants, three from the pESP1(5.0) and 
two from the p08262(5.0) transformation, were tested for mitotic stability by 
isolation of single colonies under non-selective conditions (3.2.2). All five 
transformants were mitotically stable for the thc 4 and exC phenotypes. They 
were then crossed to a Ieul-32 h strain. If the integration had occurred 
close to the cdc27 locus then few cd.0 progeny would be expected in a cross 
to a cdc27 strain. If the integration had occurred at a site unlinked to the 
cdc27 locus then the cdc27-P71 mutation would segregate independently of 
the càc phenotype conferred by the integrated plasmid, and 25% of the 
progeny would be expected to be -. Examination of the progeny of these 
crosses by free-spore analysis (Table 3.4), indicates that 4/5 integrants 
(INTpESP-1,2,3, and INTpDB-1) show close linkage of the ccIC phenotype to 
the cdc27 locus; only one cdc.. segregant was recovered from 400 progeny. 
The exception is INTpDB-2 which has 11% aç, progeny; this segregation is 
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Table 3.3 Characterisation of transformants derived from the integrative transformation 
of a cdc27-P11 Ieul-32 /1 strain 
Plasmid 	Stable càcj 	Unstable cc\C 	C&E 	
Total 
pESP1(5.0)/PVUII 	 11 	 35 	 3 	
49 
pDB262(5.0)JPVUII 	2 	 87 	 9 	 98 
76 
Table 3.4 Free spore analysis of the integrant strains crossed to a Ieul-32 i( strain 






59 40 0 1 100 
56 44 0 0 100 
40 60 0 0 100 
47 53 0 0 100 
48 41 10 1 100 
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inconsistent with plasmid integration at the cdc27 locus. Since the 5.0kb 
BamHl insert is not contiguous with the genome it is possible that integration 
occurred at the locus of the fragment which coligated with the cdc27 gene 
in pCDC27-1. The results of the other four integrants, however, are consistent 
with plasmid integration at the cdc27 locus. Therefore, it seems highly 
probable that pCOC27-1 contains the authentic cdc27 gene. 
3.2.11 Mapping of two cdc27 mutant alleles by plasmid mediated gene 
conversion 
Neither the 1.35kb BamHl-Pstl fragment in pDB(1.7) nor the 1.85kb Hindlll-Pstl 
fragment in pDB(1.85) rescues cdc27 mutations (3.2.8). But in both cdc27-P11 
and cdc27-K3 cells containing pDB(1.85), papillae of c2_ + cells appeared after 
two to three days at the restrictive temperature. The explanation for the 
rescue of mutant phenotype at a low frequency is likely to be gene conversion 
of the chromosomal mutant allele by the plasmid borne wild-type copy (Falco 
et a!, 1986). This might occur with homologous recombination leading to 
plasmid integration. About 50% of these cdct papillae were also mitotically 
stable for the lwi phenotype, suggesting that plasmid integration had indeed 
occurred. These results indicate that the cdc27-P1 1 and cdc27-K3 mutant 
sites both lie within the 1.85kb Hindlll-Pstl fragment, demonstrating that the 
cdc27 gene has been isolated. 
3.2.12 An ars closely linked to the cdc27 gene 
The high transformation frequency obtained with pESP1(5.0) suggests that the 
insert contains an ars element able to promote autonomous replication of this 
plasmid (3.2.10). To investigate whether this ars is closely linked to the cdc27 
gene, the insert from pCDC27-2 was subcloned as a 3.5kb Hindlll fragment 
Ft 
Table 3.5 Transformation frequencies of plasmids containing a putative ars 
	
Plasmid 	 Transformants per pg DNA 
pDB262 	 3260 
pD8248 	 3440 
pESP1 	 20 
pESPI(5.0) 	 4670 
pESP1(3.5) 	 5110 
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into the integrating vector pESP1 to give pESP1(3.5). This construct also 
transforms S. pombe at high frequency to give mitotically unstable 
transformants (Table 3.5). Therefore, the ars is within the 3.1kb BamHI-l-Iindlll 
fragment and is tightly linked to the cdc27 gene. 
3.3 DISCUSSION 
A S. pombe DNA sequence has been isolated on a recombinant plasmid which 
rescues the ts lethality of cdc27 mutations. Two lines of evidence argue that 
this sequence contains the authentic cdc27 gene and not an extragenic 
suppressor sequence. Firstly, the sequence directs plasmid integration to the 
chromosomal cdc27 locus. Secondly, a subclone of this sequence, which does 
not rescue cdc27 mutations when on a multicopy plasmid, rescues two cdc27 
alleles by plasmid mediated gene conversion. Therefore, this sequence carries 
the wild-type sequences corresponding to the mutant sites of cdc27-P11 and 
cdc27-K3 
The insert DNA of the plasmid isolated from the S. pombe gene library is not a 
contiguous sequence derived from the genome, but is most likely the result of 
the coligation of two SaulilA fragments during construction of the library. A 
3.1kb BamHl-l-Iindlll subclone (pCDC27-2) which rescues cdc27 mutations 
proved to be contiguous with the chromosome. This clone has been used to 
construct a restriction map of the chromosome around the cdc27 gene. The 
functional cdc27 gene crosses a Pstl restriction site within the insert DNA. 
The 3.1kb BamHI-Hindlll fragment is able to promote high frequency 
transformation of S. pombe In S. cerev/sae such behaviour is characteristic 
of autonomously replicating sequences (ars elements) which are presumptive 
chromosomal origins of DNA replication (Struhl et a!, 1979; Beach at al., 1980; 
Chan and Tye, 1980). In S. pambe there appear to be ars elements at intervals 
of about 20kb in the genome which promote high frequency transformation to 
give mitotically unstable transformants (Maudrell at a!, 1985). However, 
non-ars plasmids containing fragments from the S. pombe genome can 
transform S. pombe at a relatively high frequency (>10 transformants per pg 
DNA). These apparently arise by integration of the plasmid into the genome 
(not necessarily by homologous recombination) followed by aberrant excision 
to give rearranged plasmid sequences carrying a chromosomal ars element 
Maundrell et at, 1985; Wright at a!, 1986a). 
The possibility that the insert carrying the cdc27 gene gives transformants by 
a mechanism involving plasmid rearrangements has not been investigated. 
However, the high transformation frequency compared with non-ars plasmid 
pESP1, rapid appearance of transformant colonies (personal observation) and 
fast growth rate of transformant colonies (similar to the wild-type) suggests 
that the insert contains a genuine ars Whether this ars is an authentic 
chromosomal origin of replication or is involved in regulating the transcription 
of this region of the genome as has been suggested for some ars elements in 
S. carey/sac (Brand at a!, 1985, 1987) will be discussed later (Chapter 7). 
Since this ars is closely linked to the cdc27 gene it will be designated as 
ars2Z 
CHAPTER 4 
CHAPTER 4 - TRANSCRIPTION OF THE cdc27 + GENE 
41 INTRODUCTION 
One aim of this study is to investigate the molecular basis of the timing of the 
cdc27 gene-controlled step during the cell cycle. In weel mutants the cdc27 
gene completes its function about 0.4 of a cycle earlier than in weel cells 
(Fantes, 1983). Fantes (1983) proposed that the normal timing might be 
brought about by a balance between the activity of the cdc27 gene product 
and the inhibition of this activity by the weel gene product. In weal 
mutants the inhibitory effect is lost with the consequence that the cdc27 
function is completed earlier in the cycle. 
In this chapter the transcription of the cdc27 gene is investigated using the 
cloned cdc27+ gene as a molecular probe to identify the cdc27 mRNA. One 
hypothesis to be tested is whether the wae7 gene product regulates the 
expression of the cdc27 gene at the transcriptional level. If the wee1 gene 
product is a negative regulator of the transcription of the cdc27 gene, then 
weel mutants would be expected to be derepressed and have a greater 
amount of the cdc27 mRNA. Alternatively, the weel gene product might 
determine the cell cycle timing of cdc27 gene transcription. In weal mutants 
transcription of the cdc27 gene might commence earlier in the cycle allowing 
cdc27 function to be completed earlier. The level of the cdc27 mRNA during 
the cell cycle is investigated in synchronous cultures. 
F 
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4.2 RESULTS AND DISCUSSION 
4.2.1 Transcripts associated with the cdc27 locus 
Preliminary Northern blots of S. pombe wild-type RNA with pCDC27-2 snowed 
that the 3.1kb BamHl-Hindlll insert hybridised to at least three polyadenylated 
RNA species (Figure 4.1, data not shown). The sizes of the hybridising bands 
were estimated to be 2400 nucleotides (nt), 2200nt and 1400nt, using the 
S. pombe 28S and 17S ribosomal RNAs as size markers (3400nt and laOOnt). 
Subcloning of the insert in pCDC27-2 indicates that the functional cdc27 
gene crosses the Pstl site (3.2.8; Figure 4.1). Therefore the cdc27transcript is 
also likely to cross the Pstl site. To determine whether any of the transcripts 
fulfill this prediction, poly(A) RNA from strain 972 was Northern blotted and 
probed with either p06(1.7) containing the 1.35kb BamHl-Pstl fragment or 
pDB(1.85) containing the 1.85kb Hindlll-Pstl fragment (Figure 4.1A). The 
resulting autoradiograph (Figure 4.16) shows that pDB(1.7) hybridises to mRNAs 
of 2200nt and 1400nt, the latter mRNA being at least five times as abundant; 
and that pDB(1.85) hybridises to a doublet of mRNA5 at 2400nt and 2200nt, 
and to a less abundant mRNA at 1400nt. The vector p06262 does not 
hybridise to S. pombe RNA showing that there is insufficient homology 
between the S. cerev/siae LE(J2 gene and the leul transcript of S. pombe to 
allow cross-hybridisation under the stringent conditions used (washed in 
2xSSC at 65 0 C). 
The pattern of hybridisation obtained with the two probes from the cdc27 
locus is difficult to interpret. It is unlikely that the 2400nt mRNA is required 
for Odc27 function because this transcript does not cross the Pstl site. 
Hybridising bands at 2200nt and 1400nt are found with both probes 
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Figure 4.1 Detection of transcripts from the cdc27 gene locus 
A Two subclones (in pD13262) were used as probes to detect transcripts from 
the cdc27 gene. B, BamHl site; H, HindlIl site; K, Kpnl; P. Pstl site. 
B. Poly(A) RNA (2g) from wild-type (972) and total RNA (lOpg) from a 
transformant containing pCDC27-2 were separated by denaturing gel 
electrophoresis, Northern blotted and hybridised to either pDB(1.85), pDB(1.7) 
or pDB262 radiolabelled by nick-translation. The approximate sizes of the 
transcripts (in nucleotides) are indicated. 
I 
Curiously, the 1400nt band is considerably less intense (relative to the 2200nt 
band) with the pDB(1.85) probe than with the pDB(1.7) probe. This suggests 
either that the 1400nt mRNA has only a short region of overlap with the 
1.85kb Hindlll-Pstl fragment or that one or other of the bands contains 
different transcripts of very similar size. These ambiguities are resolved by 
using strand-specific probes. 
4.2.2 Direction of transcription of the cdc27 associated transcripts 
Cloning into M13 phage vectors provides a biological means of isolating 
single-stranded DNA that can be used as a strand-specific probe (Hu and 
Messing, 1982). A DNA fragment produced by digestion with two different 
restriction enzymes is cloned into the antiparallel polylinkers of a pair of 
M13mp vectors, mplB and mpl9 in this case (Figure 4.2). After infection of 
E. colt the insert in mp18 produces one strand and the insert in mp19 the 
complementary strand. The way in which these probes can be used to 
determine the direction of transcription of a RNA is illustrated in Figure 4.2. 
Only one of the strands will hybridise to the RNA, and since the polarity of the 
strand is known the direction of transcription with respect to the restriction 
sites in the cloned gene can be deduced. 
To obtain suitable probes, the 1.35kb BamHl-Pstl fragment was cloned into 
both mp18 and mpl9 to give mp18(1.35) and mpl9(1.35), and the 1.85kb 
Hindlll-Pstl fragment was cloned into mp19 to give mp19(1.85). Numerous 
attempts to clone the 1.85kb fragment into mplO were unsuccessful (as were 
attempts to clone the entire BamHl-Hindlll insert and the 2.4kb Hindlll-Kpnl 
fragment in the same orientation). These M13 clones and all those used 
subsequently were subject to DNA - sequence analysis to confirm the 
orientation of the inserts (Chapter 5). 
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Figure 4.2 Determination of the direction of transcription by cloning into M13 
phage 
Forced cloning into mplB ensures that only one of the strands (strand A) is 
produced after infection of F. co/i. Single-stranded DNA is isolated and 
labelled by limited extension of the hybridisation primer distal to the insert; 
the reaction conditions (with a limiting amount of one nucleotide) ensure that 
the insert DNA remains single-stranded and available for hybridisation. if the 
insert hybridises to the mRNA the direction of transcription can be deduced 
since the polarity of the single-stranded insert DNA is known. 
The three probes were labelled by extension of the hybridisation primer (Figure 
4.2) using the Klenow fragment of DNA polymerase 1 (2.15.6; Hu and Messing, 
1982). This labelling procedure leaves the insert DNA single-stranded and 
available for hybridisation without denaturation. The strand-specific probes 
were hybridised to Northern blots of total RNA and poly(A RNA from 
wild-type cells (Figure 4.3). mpl8(1.35) hybridises to mRNAs of 2200nt and 
1400nt whereas mp19(1.35) does not hybridise to any mRNAs. mpl9(1.85) 
hybridises to mRNA5 of 2400nt and 2200nt. Following the reasoning in Figure 
4.2, two mRNAs of 2200nt and 1400nt are transcribed rightward towards the 
BamHl site, and two rnRNAs of 2400nt and 2200nt are transcribed leftwards 
towards the HindlIl site (results summarised in Figure 4.4). To confirm these 
results the 1.35kb BamHl-Pstl fragment was cloned into mp18 and mp19 as a 
1.7kb Hindlll-Pstl fragment (Figure 4.4) derived from pDB(1.7). Due to the 
orientation of the restriction sites in the polylinkers (Figure 4.2) the strand that 
was in mpl8(1.35) is now in mp19 and vice versa As predicted, the mp19(1.7) 
strand-specific probe hybridises to the 2200nt and 1400nt mRNAs whereas the 
mpl8(1.7) probe does not (data not shown). Similarly, the 2.4kb Hindlll-Kpnl 
fragment in mp19 was found to hybridise to the 2400nt and 2200nt mRNAs 
(data not shown), confirming that these mRNAs are transcribed towards the 
HindlIl site (summarised in Figure 4.4). On some gels (e.g. Figure 4.3, total 
RNA track) the 1400nt mRNA is resolved into a closely spaced doublet, 
although on the majority of gels this appears as a single diffuse band. 
From the results above the following conclusions can be drawn: 
The 2400 and 2200nt mRNAs transcribed leftwards towards the Hindlll site 
do not cross the Pstl site and so are unlikely to encode the cdc27 gene. 
The 1400nt mRNA transcribed rightwards towards the BamHl site crosses 
the Pstl site but the 5' end of this transcript may not extend very far into the 
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Figure 4.3 Hybridisation of S. pombe RNA to strand-specific probes 
Total RNA (lOpg) and poly(A) RNA (2.ig) was Northern blotted and hybridised 
to strand-specific probes labelled by primer extension from the hybridisation 
primer (see Figure 4.2). 
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Figure 4.4 Summary of the results with the strand-specific probes 
The polarity of each of the insert strands cloned into mp18 or mp19 is 
indicated by the arrow heads (5 '-3'). The polarity of a mRNA which 
hybridises will be opposite to the polarity of the DNA strand (see Figure 4.2). 
I 
HindlIl-Pstl fragment (Figure 41113). 
(3) Due to the coincidence in size between the two 2200nt mRNAs transcribed 
from opposite strands, it is not known whether the mRNA transcribed 
rightwards towards the BamHl site crosses the Pstl site. 
DNA sequence analysis of the insert in pCDC27-2 predicts an open reading 
frame split by one intron passing rightward through the Pstl and Kpnl sites 
(Chapter 5, 5.2.2). To determine whether the 2200 and 1400nt mRNAs overlap 
this open reading frame, the 520bp Pstl-Kpnl fragment was used as a probe 
against total RNA. The resulting autoradiograph (Figure 4.5) shows that this 
fragment hybridises to the 2200 and 11400nt mRNAs. Therefore it is likely that 
these two ruRNAs overlap to some extent and that both are associated with 
the cdc27 gene. The 2400 and 2200nt mRNA5 transcribed towards the HindlIl 
site probably encode a gene closely linked to the cdc27 gene: DNA sequencing 
predicts an open reading frame passing through the HindlIl site in the same 
direction as these two transcripts (Chapter 5, 5.2.2). 
Figure 4.6 shows a tentative scheme for the arrangement of the transcripts at 
the cdc27 locus. The endpoints of the transcripts have not been defined at all 
precisely. In particular, it has not been shown that the 2200nt, mRNA 
transcribed rightwards crosses the PstI site within the cdc27 gene. 
4.2.3 Expression of the cdc27 transcripts in wee mutants 
Does the wee1 gene product regulate the expression of the cdc27 mRNA5? 
This can be investigated by comparing the levels of the cdc27 mRNAs 
between wee1 and weel cells. 
RNA was extracted from exponentially growing cultures of wild-type (972) and 






Figure 4.5 Transcripts from the cdc27 gene 
Total RNA from wild-type (972) was Northern blotted and hybridised to the 
520bp Kpnl-Pstl fragment from pCDC27-2 (Figure 4.1) labelled by otlgopriming 
(track 1), As a control, an RNA sample run in parallel was hybridised to 
pDB(1.85) labelled by oligopriming (track 2). The sizes of the hybridising RNAs 
are shown. 
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Figure 4.6 A scheme for the arrangement of the mRNAS from the cdc27 locus 
The transcription direction and approximate lengths of the mRNAs are shown 
below a restriction map of the 3,1kb fragment containing the cdc27 gene. B, 
BamHl; H, HindIll; K, Kpnl; P, PstI. 
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and Es weel-50 cells at 35 °C. Equal amounts of RNA from each culture were 
Northern blotted and hybridised to the mp18(1.35) strand-specific probe. As a 
control for the amount of RNA loaded in each track, the Northern blot was 
subsequently probed with pURA4 containing the S. pombe ura4 gene (from 
F. Lacroute). The level of the ura4 mRNA was not expected to be affected 
significantly by the wee mutations. The intensity of the ura4 hybridisation 
was used to normalise the intensity of the bands hybridising to the cdc27 
gene in each track. 
The results of two independent experiments are shown in Figures 4.7 and 4.8. 
In the first experiment (Figure 4.7, Table 4.1) there is little variation in the 
amounts of either the 2200nt or the 1400nt mRNAs between the wee k and 
wee strains. In the second experiment (Figure 4.8, Table 4.2) the cdc2 wee 
alleles (cdc2-lw and cdc2-3K) at 25 ° C have more than twice the amount of 
both the cdc27 transcripts, though this is likely to be due to an experimental 
artefact since it was not reproduced in the first experiment nor in the cdc2-3w 
allele at 35 ° C. There seems to be a tendency for the wee mutants to have an 
increased amount of the cdc27 transcripts, but this is probably within the 
limits of experimental error. Certainly there is no large derepression of cdc27 
transcript levels in weel mutant cells. Therefore it is unlikely that the weei 
gene product acts as a transcriptional regulator of the cdc27 gene. 
A second type of experiment was performed with the temperature-sensitive 
weel-50 mutant. Shifting wee?-50 cells from 25 ° C (where the cells are 80% 
of wild-type size) to 35 ° C (where the cells are 50%  of wild-type size and very 
similar to weel null alleles; Russell and Nurse, 1987a) has been observed to 
stimulate nuclear division and the consequent cell division (Nurse, 1975). The 
rapid acceleration into nuclear division suggests that the loss of wee? 
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Figure 4.7 Transcription of the cdc27 gene in wild-type and wee mutants (1) 
Total RNA was isolated from exponentially growing cultures (at 25 or 35 ° C), 
Northern blotted and hybridised to the strand-specific probe mp18(1.35). The 
filter was subsequently probed with pURA4 as a control. 10.ig of RNA was 
loaded in each track. 
Track 1 is RNA from wild-type (972) cells at 25 ° C. 
Track 2 is RNA from weel-50 cells at 25 ° C. 
Track 3 is RNA from weel-6 cells at 25 ° C. 
Track 4 is RNA from cdc2-lw cells at 25 ° C. 
Track 5 is RNA from cdc2-3w cells at 25 ° C. 
Track 6 is RNA from wild-type cells at 35 ° C. 
Track 7 is RNA from weel-50 cells at 35°C. 
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Figure 4.8 Transcription of the cdc27 gene in wild-type and wee mutants (2) 
RNA from wild-type and wee cultures was Isolated, Northern blotted and 
hybridised to mp18(1.35) and pURA4. lOpg of RNA was loaded in each track. 
Track 1 is RNA from wild-type cells at 25 ° C. 
Track 2 is RNA from weal-50 cells at 25 ° C. 
Track 3 is RNA from weel-6 cells at 25 ° C. 
Track 4 is RNA from cdc2-1w cells at 25 ° C. 
Track 5 is RNA from cdc2-3w cells at 25 ° C. 
Track 6 is RNA from wild-type cells at 35 ° C. 
Track 7 is RNA from weel-50 cells at 35 ° C. 
Track 8 is RNA from cdc2-3w cells at 35°C. 
Table 4.1 Normalisation of the amounts of the cdc27mRNAs (1) 
mRNA 	 972 	 wee 1-50 
1400nt 	 1.00 	 1.02 
2200nt 	 0.16 	 0.13 
Table 4.2 	Normalisation of the amounts of the cdc27 mRNAs (2) 
mRNA 972 wee 7-50 wee 1-6 
1400nt 1.00 1.61 1.72 
2200nt 0.09 0.15 0.29 
wee 1-6 cdc2-1w cdc2-3w 972/35 ° C weel-51735 ° C 
1,02 1.12 1.18 0.55 1.06 
0.14 0.17 0.14 0.05 0.07 
cdc2-lw cdc2-3w 972/35 ° C weel-50'35 ° C cdc2-3w135 ° C 
2.72 2.20 1.19 1.44 1.04 
0.60 0.39 0.13 0.12 0.10 
-CD 
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The amounts of the cdc27 mRNA5 were normalised relative to the ura4 mRNA. The autoradiographs (Figures 4.7 and 4.8) were scanned with a Joyce-Loebi 
Chromoscan 3 assuming a linear relationship between the area under each peak corresponding to a band on the autoradiograph, and the amount of RNA in each 
band. The amount of the 1400nt mRNA in wild-type (972) cells at 25 °C was given a value of 1.00. Table 4.1 corresponds to Figure 4.7. and Table 4.2 to Figure 4.8. 
N.B. The 1400nt mENA was normalised in a separate experiment in which the same two blots were probed with pBRA4(CDC27). 
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function is manifest immediately. Thus a temperature shift of a weel-SO 
culture might reveal transient changes in the level of the cdc27 transcripts 
that are not apparent in steady state weel mutant cultures 
After temperature shift of a wee?-50 culture and a wild-type (972) control 
culture from 25 °C to 35 °C (at time 0), samples were taken at 20 minute 
intervals for RNA extraction. Equal amounts of RNA from each time point were 
Northern blotted and hybridised to pURA4(CDC27). This probe contains the 
1.35kb BamHl-Pstl fragment from pCDC27-2 inserted into pURA4. Visual 
inspection of the autoradiograph (Figure 4.9) shows that there is little variation 
in the abundance of the cdc27 mRNAs when compared to the control ura4 
mRNA in each track. 
4.2$ Expression of the cdc27transcripts during the cell cycle 
To investigate the expression of the cdc27 gene during the cell cycle a 
synchronous culture of wild-type (972) cells was prepared (by. Dr. Cohn 
Gordon). Small cells in early G2 were isolated by centrifugal elutriation 
(Creanor and Mitchison, 1979) and allowed to proceed through two 
synchronous cell cycles. The cell number curve (Figure 4.10A) shows the high 
degree of synchrony obtained. Total RNA was isolated from samples taken at 
15 minute intervals (a gift from Dr. Cohn Gordon), Northern blotted and 
hybridised to the strand-specific probe mp18(1.35). The autoradiograph (Figure 
4.108) shows that the 2200 and 1400nt mRNAs from the cdc27 gene are 
present throughout the cell cycle and that there is little systematic variation in 
the level of the two transcripts. As a control the filter was reprobed with 
pURA4 (Figure 4.10C) and no systematic variation was observed in the amount 
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Figure 4.9 Transcription of the cdc27 gene after temperature shift of a ts 
vveel-50 culture to the restrictive temperature 
Cultures of wild-type (972) and weel-50 were transferred from 25 ° C to 35 ° C 
at time 0 and samples taken every 20 minutes for RNA extraction. 10.ig of 
RNA from each sample was Northern blotted and hybridised to pURA4(C0C27) 
radiolabelled by nick-translation. This probe detects both the ura4 mRNA and 
the cdc27mRNAs. 
Figure 4.10 Expression of the cdc27 gene during the cell cycle 
A synchronous culture of wild-type (972) cells was prepared by centrifugal 
elutriation to select small cells in early G2 (Creanor and Mitchison, 1979). 
During growth of the culture at 35 °C, samples were taken for cell number 
determination (A) and for preparing RNA as described by Gordon and Fantes 
(1986). The RNA samples were a gift from Dr. Cohn Gordon. 10ig of RNA 
from each time point was Northern blotted and hybridised to the 
strand-specific probe mp18(1.35) (B). The filter was subsequently probed with 
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4.2.6 cellular abundance of the cdc27transcripts 
The abundance of the cdc27 transcripts was estimated relative to the level of 
the ura4 mRNA from the intensity of the hybridising bands with the 
pURA4(CDC27) probe. The S. pombe ura4 gene and the S. cerevislee URA3 
gene are homologous and encode. orotidine 5'-phosphate decarboxylase 
(Losson and Lacroute, 1983). In S. cerevisiae the URA3 mRl\JA comprises 
1.3x10 4 of the total mRNA in exponntialIy growing cells (Bach et a!, 1979). If 
the ura4 mRNA is present at a similar abundance in S. pombe then the 1400nt 
and the 2200nt cdc27mRNAs would comprise -0.4x10 4 and '-0.6x10 5 of the 
total mRNA respectively. If S. pombe has 5000 different transcribed genes (i.e. 
a similar number to S. carey/s/ac Hereford and Robash, 1977) then the 
average mRNA would comprise -2x10 4 of the total mRNA. Therefore, both 
a 
the cdc27 transcripts are of low abundance with the 21OOnt transcript being 
exceptionally rare. 
4.2.7 Implications for the control of the timing of cell cycle steps 
The results of the experiments described earlier (4.2.3) show that the wee1 
gene product does not regulate the abundance of the cdc27 mRNAs since 
expression of the cdc27 gene is not derepressed in wee! mutants. Therefore, 
the advancement of the transition points of cdc27 mutants in weet cells 
cannot be due to an increased amount of the cdc27 gene product as a 
consequence of an increase in the amount of its mRNA; The cdc27mRNAs do 
not accumulate in a periodic manner through the cell cycle. Therefore, 
periodic transcription of the cdc27 gene cannot explain the timing of the 
transition points of cdc27 mutants in wee7 cells or the advancement in wee! 
mutants. If the wee7 gene product controls the timing of the cdc27 
gene-controlled step by regulating the activity of the cdc27 gene directly, this 
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is likely to occur at the protein level. The wee1 gene product is a putative 
protein kinase (Russell and Nurse, 1987a). One possibility is that the cdc27 
protein is a substrate of the weal protein kinase and that 
phosphorylation/dephosphorylation regulates the activity of the cdc27 gene 
product. Clearly, more information is required on the nature of the cdc27 
gene product. 
CHAPTER 5 
CHAPTER 5 - DNA SEQUENCING OF THE cdc27 + GENE 
51 INTRODUCTION 
The physical isolation of the cdc27 gene by gene cloning enables the primary 
structure of the gene to be determined by DNA sequencing. Given the DNA 
sequence of the gene, it should be possible to deduce the amino acid 
sequence of the cdc27 gene product. This may be informative about the 
function of the gene product. For example, the deduced amino acid sequence 
might be similar to a previously sequenced protein of known biochemical 
function. In addition, the DNA sequence may identify sequences outwith the 
protein coding region which are important in the regulation of transcription 
and processing of transcripts. These sequences include "upstream" promoter 
elements such as the "TATA box" (Breathnach and Chambon, 1981), and 
"downstream" elements required for transcription termination and 
polyadenylation of mRNAs (Proudfoot and Brownlee, 1976; Zaret and Sherman, 
1982). 
A complication which arises when sequencing genomic DNA clones, rather 
than cDNAs derived from the mRNA, is that most eukaryotic protein coding 
genes are split by intervening sequences (introns) which are not found in the 
mature mRNA and so are not translated into protein (reviewed by Breathnach 
and Chambon, 1981). The introns are found in the primary transcript but are 
then removed and the sequences (exons) spliced together to 
form the mature mRNA. Only if the positions of the introns are precisely 
known can the amino acid sequence of the gene product be deduced. There 
are conserved sequences at the intron/exon junctions (Padgett et a/, 1986), 
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and in yeasts there are also conserved sequences within the introns (Langford 
and Gallwitz, 1983; Hiraoka at a/. 1984). These "splicing consensus sequences" 
can be used to search a genomic sequence for potential introns. For a 
number of reasons, this approach is more likely to be successful in yeast 
genes than in mammalian genes. Firstly, the splicing sequences are more 
highly conserved in yeast introns. Secondly, yeast introns are short (30-400 
bases) whereas mammalian introns can be as long as 10,000 bases. Thirdly, 
with one possible exception (the MATa1 gene of S. carey/s/ac ; Miller, 1984), 
alternative splicing to give different mRNA5 from a single gene has not been 
reported in yeasts, but is well documented in mammals (Padgett at a!, 1986). 
5.2 DNA SEQUENCE ANALYSIS OF THE cdc27GENE 
5.2.1 DNA sequencing strategy 
In recent years the most rapid and popular method of DNA sequencing has 
been to combine the chain-terminator method of Sanger at at (1977) with 
cloning in M13 phage and its derivatives (Messing, 1983) to prepare 
single-stranded DNA templates in quantity. This strategy was employed to 
sequence the cdc27 gene. 
To prepare suitable subclones for sequencing, progressive deletions were 
made from each end of the 3.1kb insert containing the cdc27 gene. For 
sequencing from the BamHl site towards the 1-lindlIl site, the 3.5kb BamHl 
fragment from pCDC27-2 (Chapter 3, Figure 3.4) was cloned into the BamHl 
site of M13mp18 so that the authentic S. pombe DNA BamHl site is proximal 
to the sequencing primer (see Chapter 4, Figure 4.2 for the orientation of 
restriction sites in the polylinker). The construction of progressive deletions of 
the yeast DNA fragment by unidirectional digestion with Exonuclease Ill 
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(Henikoff, 1984) is described in detail in Chapter 2 (2.17). It proved impossible 
to clone this same BamHl fragment into M13mp18 in the opposite orientation 
for sequencing the complementary strand. To solve this problem the BamHl 
fragment was cloned into pTZ19R with the pBR322 derived BamNI site proximal 
to the reverse sequencing primer. Progressive deletions were again 
constructed by unidirectional digestion with Exonuclease Ill. The deletions 
were screened by restriction digestion for those with inserts of the 
appropriate size. Single-stranded DNA was purified and sequenced as 
described in Chapter 2 (2.18). 
5.2.2 DNA sequence of the cdc27 gene 
The extent of the sequencing runs is shown under a map of the insert in 
Figure 5.1. The entire sequence of one strand (BamHI to Rindlll) and 
approximately 85% of the other strand was sequenced. Where the sequence 
of only one strand was determined this was done with at least two 
independent clones, except for the 300 bases proximal to the HindIll site. The 
sequence of the 3143 bp Hindlll-BamHl fragment is shown in Figure 5.2. The 
restriction sites predicted from the sequence agree closely with those 
determined empirically 
The extent of open reading frames (ORFs) on both strands are shown in Figure 
5.3. 'There is an ORF (frame F) of 150 amino acids passing through the Hindlll 
site at the end of the insert. If translation started at the first ATG codon then 
this ORF would encode 148 amino acids before reaching the end of the insert. 
The direction of this ORF is consistent with it being encoded by the 2400 and 
2200nt mRNAs which almost certainly pass through the HindlIl site (Chapter 4, 




















Figure 5.1 5.1 Strategy for sequencing the cdc27 gene 
The extent of each sequencing run is shown under a restriction map of the 




TO 	 30 	
50 	 70 	 90 
A
TTAGAAACATGCCAGGTATCAATAACGYCTTCAAAACATAAACTTGC AATTTTATT  
------ ----------------------------------------------------------
TTCGAA TAATCTTTGTACGGTCCATAOTTATTOCAOAAOTITTOTATTTO AA C G 
'IC 	 130 	 ISO 	
170 
AGACC CTTCAATTTCTTTTCGTAAATGCTTAGAAGCATATCCGTAATOAATCGTTG ATTTTC  
------------------------ ---------------------------------------
IC TGGGAAGTTAAAGAAAAaCATTTACGAATCTTCGTATAGGCATTACTTAGCAACTAAG 
190 	 210 	 230 	 250 	
270 
ATT GTTTCTCA TAT  ATACATCAATTTGCACTGGC?GAGGTTCCITTCTTTTCCATTGGICTTGACCCAC TA C AGC  
-------------------------------- ---------------------------------
TAACAAAGA GT A TATATGTAOTTAAACGTGACCOACTCCAAGGAAAGAAAAGGTAACCAGAACTG 6GTGATGTCGTTT A C A C AAG  
290 	 310 	 330 	 350 
TTCAACTACGACAG TOT  CA TOT  ATCAAGTCCATTTGTCTAGTAGGATGTCGTAGAGATGAGAAGCGGAGTTGTCTGGGGATAGTGCTG
A C 
---------------------------------------------- - -- 
AA GTTG A TGCTGTCACA0TACATAGTtCAGGTAAACAGATCAtCtTAcA0CATdTcTTCTTC6CCT C
- -- - -
TAT-
- -- - -
T G 
370 	 390 	 410 	 130 	
450 
TAT TCT A GGTATTTTGGCAAAACCATGGAOAGAATTATTTCTAATGAATGGATAGATTCCCCAAAGGTTTACTAAACTTTTCAT 6 AGAGT 
----------------------------------------------------------- -- 
A T AA G A TCCATAAAACCGTTTTGGTACCTCTCTIAATAAAGATTACTTACCTATCTAAGGGGTTTCCAAATGATTTGAAAAGTACTCTCA 
470 	 490 	 510 	 530 
TTA A AGAATTGATTATCTATAITGGAAGTATTTGCTGAAGCGACCAACACCATGATAAGTAAGAATAAGCAACTACCTACGGTATCCTGA 
---------------------------------------------------------------- -
AATTTCTTAACTAATAGATATAACCTTCATAAACGACTTCGCTGGTTGTGGTACTATTCATTCTTATTCGTTGATGGATGCCATAGGACT 
550 	 570 	 590 	 610 	 630 Pyiji I 
TGTCAATTATCTAAAATGAAGGGCATATGGGATAAACGAATTGTAGCATTATITGACTGTTATTAAATTTCAATTGATTATTGAATACAG 
--------- - --------- - ------------------- - --------- - --------- - ---------------- 
--- 
A C A GTT A ATAGATTTTAcTTcCCGTATAccCTAITTGcTTAACATcOTAATAAAcIGACAATAATTTAAAGTTAACTAATAACTTATGTC 
650 	 670 	 ego 	 710 
C TOGO  AATATGTATATACTCTGATCATTTCTATGGAGCATAGAGCGATACTGAGAAATAAT*TTATAAGAGA?TTGTCAGATGAC TA C AT  
------------------------------------------------------------------------
GA CCCTTATACATATA TO AGACT AG 1*4* 6* TA CCTCGTATC TCGCTATGA CItY TTATTATAA TAT TCTCTAAACAGTCTACTGATGTA 
730 	 750 	 770 	 790 	 610 
TAATGTGCTACAAATCATTATACCCGAAAATAGAAATAAGGGAGAATCAAGTTTGATTAAATATAAAACATTCCAACAACTTTGTGAAAC 
----------------------------------------------------------------------
AT TA CA CC A TGT TI ACTAAT AT666CTTTTA TCTTTATTCCCTCTTAGTTCAA ACTA AT? TATA TTTTGTAAGGTTGTTGAAACA CTTTG 




910 	 930 	 950 	 970 	 990 
ACATTcTACTAAAAAATGCCGTAAATTACTAAATCAATTTCTGTCAGCGTTGATGAAGTAACTTCCCATTCA*TTTTATdTTTTTA 
-------------------------------------------------------------------------
TGTAA GA TGA IT TI TIAC COCA TTTAATGATTTAGTTAAAGA CAGTCGCAACTA CTTCA TIGA *0061* AGTTAAAATTTAG* AAGTAAT 
TOlD 	 1030 	 $050 	 1070 
GC A TA CTTCT ATGAAC TOGA TA GCA CC AGTAA TTGAA CATOCCA TGTCAATATTT* GATTTTA AATATTTTA CATATICTA AATCTAGTT 
------------------------------------------------------------ - 
COT A TG AA GATACTTGACCTATCCTCGTCATTAACTTGTACGCTACAGTTATAAATCTA AAA TTTATA AAA TGTATAA CAT TTACATCAA 
Toga 	 1110 	 1130 	 1150 	 1170 
AA GCATGTATACTCCATTAATGAAAATGTAATCTITCATACATATTTCGTCTGCGCTGGCTTCAGTACTT*GCCTACCTTAGGATTGTTC 
-------------------------------------------------------- - 
TTCGTA CAT ATGAGGTAATTACTTTTACAT?AGAAAGT*TGTATAAAGCAGACGCGACCGAAGTCATGTC00AT60T --- TA----.G 
1190 	 1210 	 1230 	 1250 
CCACTAATTTTCAATTTCCTTGATTTTACACACTGCTTCTTATTCTCCTAAATACCACTTTCCTAAGGAATACTTAGCG %AAAAAGA AAT  
---------------------------------------------------------------- ---- 
GGTGATTAAAA GTT AAA GCAACTAAAATGTGTGACGAACAATAAGAGCATTTATCGTGAAAGGATTCCTTATGAATCGCCTTTTTCTTTA 
270 	 1290 	 1310 	 1330 	
1350 
TTCT AA AAAAATGGAGGAATGGAGAAACTTCTTAGATATTAAAGTTATCAATGAATCTTCACTTGTAAGAT*TGAAATTTCAACAAGA AT  
------------------------------------------------------ ------- 
AAGATTT TTTT A CCTCCTTACCTCTTTGAAGAATCTATAATTTCAATAGTIACTTAGAAGTGAACATTCTATACTTTAAAGTTGTTCTTA 
1370 	 1390 	 1410 	 1430 
TTGAAT OTC  TAACTGTATAAAAGGTAACTGTAGAT*ATTTAAGTCTGCAATTGCATATATCCAGTGAAAAAGCACAACAGTAAGGAACAA -- --- - ---- - ------------------------------ --------------------+ 
A A CTT A CAGATTGACATATTTTCCATTGACATCTATTAA*TTCACACOT?AACCTATATAGGTCACTTTTTCGTGTTCTCATTCC TTGTT  
1150 	 1470 	 1490 	 1510 	
1530 
TAC CC A 11* 11111 TAIl 171*1 TATTAATAATTCATACT ITCAGA TATCTTAA TATGTTTTATCAAGGCAACGATTTTTTTGTATCCTA 
---------------------------------- ----------------------------
A TG CGTAA T AAA A A ATAAAAATAATAATTATTAAGTA?GAAAGTCTATAGAATTATACAAAATAG?TCCGITGCTAAAAAAACAT A GG AT  
1550 	 1570 	 1590 	 1610 




1640 	 1660 	 1610 	
1700 
AATACA TYTTGTGTOATAAGTCYTCTCTACAAGGTTTGTTATTGTCAATTCCOA
T C AYYCGATAGCAGATTCGCTAACTATTTOYAGAGA  
------------------------- - ------------------- -------------------------------------------------
TTATG,AAAACA C A CyA,TCAoAA0AGAT0TTCCAAACAATAACAGTTAA00CTAGTAAGCtATC0TCT 00TTTAflflTCTCT 
 
1720 	 1740 	 17*0 	
1710 	 1100 
AA CAAAGTAGATTGAAAAGTGGGTATAAAACTOTTATA TTTO
CTCTTTCATCTGCTCCATTAAGTGYAASTATTCOATAAGCTOTAYTTT  
--------------- - ---------------------------------------------------------------------- -----------------------------------------------------------
T TCTTTCATCTAACTTTTCACCCATATTTTGACAATATAAACGAOAAAOTAGACG A GOTAC 
1120 	 *40 	





TA TA ACAA TGTTTGATTAACTAAA TTAA TTCCTA AAACTGCTTAATAATGGACOTCATATACTTT 	C C 
1900 	 1920 	 1940 	
1960 	 '960 




TTTTCTT CTACGACTATTCATACCTAAATAAAAGTTACTTTTAAGGCACCATTCATTAAATATACTCTTOTTAGC AA C AAACTG 
2000 	 2020 	 2040 	 2060 
TCCTTCCGTCTTCGGAAGACTAACTTATTGTAGCCTCGTGTTTTGAAAAAGGCACCTTCAACT CAT TCCCCCCAAT TAT CTGTTCCCC --- -------- ----------------------- -- ------ -- 	 -------------------------------+ 
AG GA AGO CA CA AG C CTT C TO AT TO A A TA A CAT C GGA 0 CA C A A A ACT TTTT CC 0 TOGA A GTTGAGTA A G000 GOT TA A TA GA CA A COG A 07 
20*0 	 2100 	 2120 	 2140 	
2160 

















2100 	 2200 	 2220 	 2240 
AACTCATCTCGTAAAAATAAAAAAGCTCCTCTTGAAAATCATAAAGAAAAGGAGCCTCTCTTCcCAAAGCAOCACAAGTTGTCTGA GC AA 
------------------------------------------------------- -----------
T T GAGTAGA OCA T T TTTATTTTTTCGACGAGAACTTT TAGTATTTCTTTTCCTCCGAGAGAACGGTTTCCTCCT CTTCAACAGACTtOTT 
2260 	 2360 	 2300 	 2320 	
2340 
GC A AAGAGACAGCGCGATCATCTGAAAAATATTATGCAGCTAGAAGATGAATCAGTATCTACCACTAGCOTTC 0ATTCTGAAGATflT  
----------------------------------- -----------------------------
CG T TTCTCTCTCGCGCTACTAGACTTTTTATAATACGTCGATCTTCTTTA0TTA0AT00b0ATC0CAA0TTAAGTTCTAC TA 
2360 	 23*0 	 2400 	 2420 
KpnI 
AA TTTAGATTCTAATAATTTCCAATTGGAAATTGGTACCGAAGCAAAATCTGCTGCACCTGACGAACCTCAGCAAATTATC AAACC 
---------------------------------- ---------------------------+ 
TTAAA TCTAAGATTATTAAAGGTTAACCTTTAACCAT0GCTTCGTTTTAOACGACGTGGACTGCTTGGAGTCCTTTAATAGTTTAOGC AT 
2440 	 2460 	 24*0 	 2500 	
2520 
TCCGGTCCAAAGAGACGT000AAAAUAAAAUII .AAAAUI AUUSa 
------------------------- - ---------------------- 
2540 	 2560 	 26*0 	 2600 
07 CT GGGAATCATTTT C TGA ACATGAAA ACATCTCAA CTGGTACTTCAAATGTTGTTAGAAACAAACCGACTACTGTAAACATTGCAACT 
----------------------------------------------------------------------- 
CAGACCCTTAGTAAAAGACTTCTACTTTTOTACAGTYCACCAT0AAOTTTACAACAATCTTTGTTYCGCTOATGACATTTGTAACO TTGA  
2*20 	 2640 	 2660 	 26*0 	
2700 
AAGAA G AA GA A TACTCCACAAAGTAAACCACAACAAAAGTCTATTATGTCCTTTTTTOGAA*GAAATAAGTTACTATTCATTTTCCATAG 
--------------------------------------------------------- ------------ 
T TC V TCT TC TTATGA CGTGTTTCATT TOGTGTTOTTTTCAGATAA TACACGAAAAAACCTTTCTTTATTCAATGATAAOTAAAAGCTATC 
2720 	 2740 	 2760 	 27*0 
TA TT AAAA CATGTOTTCACGAA OTC  CCTTCAATTCTCATGCAAOCTATTATCAGGAGTTTTATTCATATAGAAAAACTGTTAATOTTAG 
-------------- ---------------------------------------------------  
A TA A T T T TOTACA CAAGTGCTTCAGGGAAGTTAAfl0T0TTC0ATAATA0TaTCAflAT0TATATtTTTTTGAA T C 
2600 	 2620 	 2*40 	 2*60 	
2*60 
A C A ACCTTTAATCCTAATCTACTCTTTTTAGTTTTTTTTAC ACT ATTCACAACCAACTATGTAAGTCTAAGAG AA GT CGAATC 
------------------;
IAA---;;-;;;; AA
---- - - - ----------------- -------------
TOT TOGA AATT A GGATTAGATGACAAAA A TCAA  	 G 	 GTGTTCGTTGATACATTCACA 
TT CTCTTCAGCTT TAGTTAA 
2900 	 2920 	 2640 	
2960 
CA A TACA T C TTTTAA TTTTAAATA TCATAAATAAAT ATCTTTCCTCAAAGCATAOAAGAATCAGGTTCTTTTTTTTATTAGAAGTATTAA 
--------------------------------------------- -----------------------
O T TA TOT AGAAA*TTAA A ATTTATAGTATTTATTTA TACA AAGGAGTTTCCTATCTTCTTAGTCCAAGAAAAAAAA TAATCTTCATAATT 
29*0 	 3000 	 3020 	 3040 	
3060 
ATACTCCATACATTAATGAACCACAATGCGTTAATOTOCOTTAACTACAACACATAATYTGAAAGT T OAACTYCATATTTAGTCAAAGCC  
--------------------------------------------------------------------------
TA TOAOGTATOTAAT TA CTTCGTOTTACGCAATTACACGCAATTGATOTTGTOTATTAAACTTTCAACTTGAAGTATAA C 
30*0 	 3100 	 3120 	
3140 
3.0)4! 
TTG TA T A TTGCAAGTACTCAT000CAAAAAGCACACGAACCCTATTAATGCTAAATCAAGGAGTOAAGCACGAACTCGGATCC 
-----------------------------------------------------------------
AACATATAACCTTCATCADTACCCOTTTTTCGTCTGCTTCOCATAATTACOATTTAGTTCCTCACTTCGTGCTTCACCCTAGG 
Figure 5.2 DNA sequence of the 3143bp HindIll—BamHI fragment containing the 
cdc2l gene 
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Figure 5.3 Open reading frames on both strands of the 3143bp Hindlil-BamI-Il 
fragment 
Frames A, B and C are from the strand running 5' to 3' from the I-Iindlll site to 
the BamI-Il site. Frames 0, •E and F are from the complementary strand. 
Translational start codons (ATG) are marked by short vertical lines above the 
horizontal, and translational stop codons (TAA, TAG and IGA) are marked by 
vertical lines below the horizontal. The open reading frames mentioned In the 
text are indicated by horizontal lines ending with an arrow at the 3' end. 
of the 148 amino acid ORE does not result in loss of cdc27 function showing 
that glc27is not part of the cdc27 gene (5.2.3). 
There is a 95 amino acid ORE (frame B) passing rightward through the Pstl site 
known to be within the cdc27' gene. There is no ATO codon in this ORF and 
it is in different frame to an ORF (frame A) of 221 amino acids which overlaps 
with it. The solution to this puzzle is that there are putative introns splitting 
the coding region of the cdc27 gene. Using the conserved sequences found 
at the intron/exon junctions and within the introns of S pambe genes, 
consensus sequences for the 5' splice site, the internal conserved sequence 
(ICS) and the 3' splice site were derived (Table 5.1). These consensus splicing 
sequences were used to search the sequence of the BamHl-Hindlll fragment 
and three putative introns with a match to all three consensus sequences 
were identified (introns 1, 4 and 5; Table 5.2). If the stringency of the match is 
relaxed to allow a T at position 3 of the 5' splice site, as has been found in 
the first inti'on of cdc17 (Table 5.1), another two introns can be postulated 
(introns 3 and 7; Table 5.2). If the stringency is relaxed further to allow a C at 
position 4 of the ICS, as has been found in the cam? intron (Table 5.1), then 
another putative intron is uncovered (intron 6; Table 5.2). It seems likely that 
there is another intron between residues 1374 and 1653 (i.e. between the end 
of intron 1 and the start of intron 3) for the following reasons: 
The ORE of 340 amino acids formed by splicing out of introns 3 to 6 (see 
Figure 5.4) does not have an ATG codon near its N-terminus, the first 
methionine codon occurring at amino acid 212. 
The AT run of 29bp (1446-1474) between introns 1 and 3 is 
uncharacteristic of coding regions. 
There are stop codons in all three reading frames between introns 1 and 3. 
Table 5.1 Splicing sequences of 21 S.pombe introns. 
The oblique lines mark the inner and outer boundaries of each intron. The 
distance between the end of the internal conserved sequence (ICS) and the 
trinucleotide preceeding the 3' splice site is shown, as is the total length of 
each intron. Alternative nucleotides were not included in the consensus 
sequences unless they were found in at least three introns. The references 
are cami, Takeda and Yamamoto (1987); cdc2 Hindley and Phear (1984); cdclZ 
Barker et at (1987); nda2, Hiraoka et at (1987); ndfl Toda et at (1984); ras?, 
Fukui and Kaziro (1985); suci, Hindley et at (1987); yhol, Miyake and 
Yamamoto (pers. comm.); ypt2, Martins and Gallwitz (198k). 
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Table 5.1 Splicing sequences of 21 S. pombe introns 
Gene 5' Splice Site ICS Spacing 3' Splice Site Length 
consensus G/GTANGT CTAAC 3-16nt TAG/ 36-126 
T 	A G A 
cam? G/GTATGT CTACC 16 CAG/ 126 
cdc2 G/GTAGGT CTGAC 6 TAG/ 68 
G/GTAAGT CTAAC 8 AAG/ 76 
G/GTATAT CTAAC 4 TAG/ 103 
T/GTAAGA CTAAC 9 AAG/ 54 
cdc17 G/GTTTGT CTAAC S TAG/ 40 
G/GTATGA CTAAC 14 TAG! 62 
nda2 G!GTATGT CTAAC 5 TAG/ 91 
nda3 T!GTACGA CTAAT 4 TAG! 36 
G/GTAAGC CTAAC 6 AAG/ 52 
T!GTAGGT CTGAC 7 TAG! 41 
G!GTAGGT CTGAC 5 TAG! 89 
G!GTATGT CTAAC 7 TAG! 85 
1'asl G/GTAAGT CTAAT 15 TAG! 67 
suci G!GTATGA CTAAT 8 TAG! 115 
A!GTAAGT CTGAC 7 TAG! 51 
vhOl G/GTAAGT CTAAT 7 CAG! 254 
G!GTATGT CTAAT 6 TAG! 54 
ypt2 !GTAAGT CTAAC 7 AAG! 
!GTAAGT CTAAC 6 TAG! 
/GTATGA CTAAC 7 TAG/ 
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Table 5.2 Splicing sequences of the putative introns in the cdc27 gene 
Intron 	5' Splice Site 	ICS 	Spacing 	3' Splice Site 	Length 
36-126nt consensus G/GTANGT CTAAC 3-16nt TAG/ 
P 	A CT A 
1 T/GTAAGA CTAAC 7 AAG/ 
2 T/GTAGAT CTTAAT 10 AAG/ 
3 G/GTTAGT CTAAC 6 TAG! 
4 T/GTAAGT CTAAT 10 AAG/ 
5 G/GTAAGT CTAAC 6 TAG/ 
6 T/GTTAGA CTACT 15 AAG/ 








Figure 5.4 Arrangement of the exons and introns in the cdc27 gene 
The deduced amino acid sequence of the proposed coding region of the cdc27 
gene is shown (in the single letter amino acid code) below the DNA sequence. 
(See Figure 5.9 for a key to the single letter code). The splicing sequences of 
the seven predicted introns are overlined. The precise exon-intron junctions 
are marked by vertical arrows. The endpoints of the deletions used to delimit 
the cdc27 gene are shown above the DNA sequence. The numbering of the 
sequence is the same as in Figure 5.2. 
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010 	 1030 	 1050 	 1070 
GCATACTTCTATGAACTGGATAGCAGCAGTAATTGAACATGCGATGTCAATATTTAGATTTTAAATATTTTACATATTGTAAATGTAGT 
1090 	 1110 	 - 	1130 	 1150 	 1170 
AAGCATGTATACTCCATIAATGAAAATGTAATCTTTCATACATATTTCGTCTGCGCTGGCTTCAGTACTTAGCCTACCTTAGGATTGTTC 
1190 	 1210 	 1230 	 1250 
CCACTAATTTTCAATTTCGTTGATTTTACACACTGCTTCTTATTCTCGTAAATACCACTTTCCTAAGGAATACTTAGCGGAAAAAGAAAT 
1270 	 1290 	 1310 	 1330 	 1350 
TTCTAAAAAAATGGAGGAATGGAGAAACTTCTTAGATATTAAAGTTATCAATGAATCTTCACTTGTAAGATATGAAATTTCAACAAGAAT 
Ia E C W R N F C 0 1 K V I N C $ $ L 	 intronl 
1310 	 1390 	 1410 	 1430 
—y 	_y 	 67-i 
TTGAATGTCTAACTGIATAAAA GOT AACTGTAGATAATITAAGTCTGCAAT TOGA TA TAT CCAGTGAAAAAGCACAAGAGTAAGGAACAA 
wV Ti 
1450 	 1470 	 1490 	 1510 	 1530 
—7 682 
TACGCATTATTTTTTATTTTTATTATTAATAATTCATACTTTCAGATATCTTAATATGTTTTATCAAGGCAACGATTTTTTTGTATCCTA 
lntron2 	 - A T 	I 	F C V P 
1550 	 1570 	 1590 	 1610 
TAYACCTTATTCATGGACAACCTATAGATGATGAAATTAATTTGGAAATTGACGAGGAATCTCAAcCTATATCTAATTTTCCTGI - TTTGC 
I 	V C I HO 0 P I DO C I N L C 1 D E E SOP I 	S 	F PVC 
'630 	 1650 	 1670 	 1090 	 1710 
AATA CAT  TT TOT GTGATAA OTC TTCTCTACAAZTGTTTGTTATTGTCAATTCCGAT CAT TCGATAGCAGATTCGW7ZTATTTGVtGA 
a V 	I 	C C 0 K S S C 0 	-. 	 introna 
1730 	 1750 	 1710 	 1790 
AACAAAGTAGATTGAAAAGTGGGTATAAAACTGTTATATTTGcTcTTTCATCTGCTCCATTAAGjtTAAGTATTCGATAAGCTGTAylTT 
K 0 5 R C K S 0 V K I V I F A L $ $ A P C S 
1810 	 1830 	 1650 	 1870 	 1090 
—y PstI 
ATATTGTTACAAACTAATTGATTTAATIAAGGATTTTGACGAATTATTACCTGCAGTATATGAAATAAGAGAGAAAGATGflTTATACAA 
intran4 	 tO P 0 C C C P A V V C I P E K D V L V K 
1910 	 1930 	 1950 	 1970 
AAAAGAAGATGCT0ATAAGTATGGATITATTTTCAATGA AAA TTCCGTG3TAAGTAATTTATATCACAACAATCGTTGITTGACATTCGA 
K C 0 A 0 K V 0 F I F N C H S Vi 	 intronS 
990 	 2010 	 2030 	 2050 	 2010 
TCCTTCCGTCTTCGGAAGACTAACTTATTGTCTCGTGTTTTGAAAAAGGCACCTTCAACTCATTCCCCCCAATTATCTGTTCCCTCA 
P P V C K K A P S T H S P Q C S V P $ 
2090 	 2110 	 2130 	 2150 
AAGACATCGACAATCGATAAGACTGACACACGTAGTACAGAAAAGACTAAA000AAAGATATTTTCAGTAAIGCAAGGAACCAAAA006A 
K I 5 T 1 0 K T 0 1 P $ I C K T K C K 0 I F 5 N A P H 0 K C 
2170 	 2190 	 2210 	 2230 	 2250 
AACTCATCTCGTAAAAATAAAAAAGCTCCTCTTGAAAATCATAAAGAAAAGGAGCCTCTCTTGCCAAAGGAGGAGAAGTTGTCTGAGCAA 
H S S P K N K K A P L CNN K C K C PLC P K C C K L SE 0 
2210 	 2290 	 2310 	 2330 
GCAAAGAGAGAGCGCGATGATCTGAAAAATATTATGCAGCTAGAAGATGAATCAGTATCTACCACTAGCGTTCACGAITCTGAAGATGAT 
A K P C P D 0 L K N I Ii 0 L C 0 C S V S T I S V HO $ C 0 0 
2350 	 2370 	 2390 	 2410 	 2430 
KpnI 
AATTTAGATTCTAATAATT1CCAATTGGAAATTGGTACCGAAGCAAAATCTGCTGCACCTGACGAACCTCAGGAAATTATCAAATCCGIA 
N C 0 $ H H F 0 C C I C T LA K $ A A POE POE I I KS V 
2450 	 2470 	 2490 	 2510 
TccGGTGGAAACAGACGTGGGAAAAGAAAAGTTAAAAAGTACGCGACAACGAAAGATGAAGAAGQATTCTTGGTTACTAAQGAAGAAGAA 
0 0 K PR 0 KR K V K K VAT T K DCC C F L 	T K CE C 
2530 	 2550 	 2570 	 2590 	 2610 
0 T C t GO GA A T CA ITT 1 C T GA A GA T GA A A A CAT CT CA ACT G C TACT T CA A AT C Tt T TAG A A A CA A A C C GA CTACT C TA A A CAT T C CA ACT 
V K C 5 F $ C 0 C N I S T C T 5 N V - 	 intronfi 
2530 	 2050 	 2670 	 2690 
AAG!kAGAAGAATACTGCACAAAGTAAACCACAACAAAAGTCTATTATGTCCTTTTTTGCAAAGAAATAAGTTACTATTCATTTTCGATAG 
.K K N I A 0 5 K P 0 0 K S I U $ F F 0 K K 
2710 	 2730 	 2750 	 .2770 	 2790 
–y 
TATTAAAACATGTGTTCACGAAGTCCCTTCAATTCTCATGCAAGCTATTATCAGCAGTTTTATTCATATAGAAAAACTGTTAATGTTAGT 
2810 	 2830 	 2850 	 2870 
ACAACCTTTAATCEViCTACTGTTTTVTTTTTTTTACACTATTCACAACCAACTATGTAAGTCTAAGAGAAGTCGAAATCAATTAT 
lntrnn I 
2090 	 2910 	 2930 	 2950 	 2970 
CAATACATCTTTTAATTTTAAATATCATAAATAAATATCTTTCCTCAAAGCATAGAAGAATCAGGTTCTTTTTTTTATTAGAACTATTAA 
2990 	 3010 	 3030 	 3050 
AIACTCCATACATTAATGAACCACAATGCGTIAATGTGCGTTAACTACAACACATAATTTGAAAGTTGAACTTCATATTTAGTCAAAGCC 




There is a near match to the 5' splice site consensus at residue 1380 
(1/OTAGAT) with an A replacing the usual C at position 5, as has been found 
in one of the introns in cdc2 (Table 5.1). The only perfect match to the ICS 
consensus starts at residue 1603 (CTAAT), but the first AG 3' to this is 31 
bases away, twice as far as any other S. pombe intron. A more likely 3' splice 
site is the AAG starting at residue 1503. Ten bases upstream there is the 
sequence CTTAAT which is a reasonable match to the ICS consensus. If this 
is the genuine 3' splice site the intron would be 129bp and removal of the 
intron would maintain the long OAF formed by splicing out of introns 3 to 6 
(Figure 5.4). 
5' to the first intron, the most likely initiating methionine codon is at residue 
1271. From this ATG there is an ORE of lOOSnt or 335 amino acids, after 
removal of introns 1 to 6, ending at a TAA stop codon at residue 2677 (Figure 
5.4). Intron 7 is downstream of the proposed coding region and is presumably 
in the 3' untranslated region of the cdc27 transcript. Intron 6 does not alter 
the reading frame or contain an in-frame stop codon. If this intron were not 
spliced out the ORF would be 39nt longer and encode another 13 amino acids. 
The most notable feature of the arrangement of introns and exons in the 
cdc27 gene (Figure 5.4) is that the second exon (1374-1379) is only 6bp, the 
shortest found in a eukaryotic gene. The shortest exon reported in the 
literature is a 7bp axon in a troponin I gene of quail (Baldwin et a!, 1985), so 
there is a precedent for the proposed second exon of the cdc27 gene. Exon 8 
is entirely within the untranslated region of the gene, and its length cannot be 
determined from the sequence since the 3 end(s) of the cdc27 transcript(s) 
has not been localised. 
113 
The G-C (CC) content of the 3.1kb sequenced fragment is 32% (or 68% AT) 
which is rather less than the 36% CC of bulk nuclear DNA in S. pombe 
(estimated from the buoyant density of S. pombe nuclear DNA; Bostock, 1969). 
The predicted cdc27 coding region is 35% CC and the g1c27 coding region is 
36% CC. In contrast, the non-coding DNA (including the putative introns) is 
30% GC, as is the intergenic region between the cdc27 and g1c27 coding 
regions. Therefore, coding and non-coding sequences are clearly different in 
their base composition with the latter being AT-rich. 
5.2.3 Delimiting the cdc27 gene 
To test the prediction made in the previous section concerning the extent of 
the cdc27 coding region, some of the deletions (in pTZ19R) used for 
sequencing were introduced into a cdc27-P71 IeuT-32 strain by 
cotransformation with pDB248. The te4I transformants were replica plated to 
EMM+leucine at 35 °C to test for cdc27 function. As expected, pTZ3.5 
containing the entire 3.1kb S. pombe DNA insert gives c4ci transformants 
(Figure 5.5; the cotransformation frequency was >50%). A6-1 which deletes 
1053bp from the Hindlll site but does not delete any of the predicted coding 
region is phenotypically c6c (Figure 5.5; the precise endpoints of the 
deletions are shown on Figure 5.4). 67-1 which deletes the first two exons 
and has an endpoint within the second intron is phenotypically .CAC -. 
Surprisingly, A8-2 which deletes the first two exons and part of the third exon 
is phenotypically cO c 't, even though this deletes further into the gene than 
A7-1. Examination of the junction between the cdc27 coding region and the 
/acZgene fragment of pTZ19R in A8-2 reveals that the first 16 amino acids of 
the /acZ gene are fused in-frame to the predicted cdc27ORF, starting with the 
praline codon (CCT) at residue 1527 (Figure 5.4). This fortuitous observation 
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Figure 55 Delimiting the cdc27 gene 
A restriction map of the 3.1kb Hindlll-BamHl fragment shows the location of 
the proposed translation start (ATO) and stop (TAA) codons of the cdc27 gene. 
The insert present in the pTZ derived deletions Is shown together with the 
length (in bp) of each. The Inserts In pDB(1.7) and pDB(1.85) are also shown. 
The ability of these insert sequences to complement a cdc27-P1 1-mutant 
when on a multicopv plasmid is indicated (as + or -). 
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strongly supports the assignment of the cdc27 open reading frame proposed 
above. It also shows that the first 26 amino acids of the predicted cdc27 gene 
product are dispensable for cdc27 function. 
5.2.4 Features of upstream sequences 
From residues 445 to 1270 lies an intergenic region between the g1c27 gene 
and the cdc27 gene (Figure 5.6A). The genes are transcribed divergently from 
this region which must contain all the upstream elements required for 
expression of both these genes. 
The structure of a generalised yeast promoter, derived from studies in 
S. ceravisiae is illustrated in Figure 5.7. A feature of most eukarvotic genes is 
the presence of a sequence motif called the "TATA box" upstream of the 
transcription initiation site. In higher eukaryotes the "TATA" element is almost 
always 25-30bp from the transcription initiation site and determines the 
location of the initiation site (Breathnach and Chambon, 1981). In S. cerevisiae 
the spacing is more variable (40-120bp), and although "TATA" elements have 
been shown to be required for efficient expression of some S. cerevis/as 
genes, they do not determine the transcription initiation site (reviewed by 
Stanaway et al, 1987). In S. pombe "TATA"-like sequences, with a consensus 
of TATAAA, have been found upstream of all the genes sequenced so tar 
(Table 5.3; see also Barker et a!, 1987). Where the transcription initiation sites 
have been determined, the "TATA" sequences have been found 30-120bp 
upstream (Table 5.3). In this respect, the promoters of S. pomba resemble 
those of S. carey/s/ac and not higher eukaryotes, though whether the "TATA" 
sequences are important for transcription in S. pombe has not been 
investigated. 
Figure 5.6 Non-coding regions of the 3.1kb Hindlll-BamHl fragment 
Upstream sequences. 
The proposed translation initiation codons (ATG) of the cdc27 and g/c27 genes 
are boxed. "TATA"-like sequences on both strands are over- or under-lined. 
Downstream sequences. 
The proposed translation stop codon (TAA) of the cdc27 gene is boxed. The 
splicing sequences of the predicted seventh intron are shown. There is a 
match to the higher eukarvotic polyadenylation sequence indicated by (A), and 
a match to the S. pombe ars consensus. 
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Figure 5.7 Outline of the structure of a generalised yeast promoter 
UAS=upstream activation site, RIE=RNA initiation element, TATA boxlocation 
of a "TATA" motif sequence, l=transcription initiation site. Negative elements 
are not found in all promoters. Distances between elements (shown in bp) are 
only general rules to which there are known exceptions. (Taken from 
Stanaway at at. 1987). 
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Table 53 Positions of "TATA" sequences and transcription start sites in seven 
S. pombe genes 
Gene "TATA" Sequence Transcription Start 
actin TTTAAA -148 -57,-58 
TTTAAA -178 -95,-96 
adh TATAAA -108 -66 
cvtochrome c TTTAAA -146 -112 
AATAAA -152 -119 
cdcl7 TATATA -132 -15 
TATAAT -156 -52 
me/3 TATAAG -115 -86-87 
TTTAAT -216 
TATAAT -352 
rant TATAAC -195 -116 
sucl TTTAAC -81 -53 
TTTAAG -170 
All of the genes except rant and suci have a sequence with no more than 
one A-T mismatch to the consensus TATAAA within 120nt of the mRNA start 
site. The distances are from the translation initiation codon. The references 
are act/n, Mertins and Gallwitz (1987a); ad/i and cvtochrome c Russell (1983); 
cdctZ Barker et al. (1987); meK McLeod at al. (1987); rant, McLeod and Beach 
(1986); suct, I-1indley at al. (1987). 
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In the g1c27- cdc27 intergenic region (Figure 5.6A) on the cdc27 coding strand 
there are four sequences with one A-I mismatch to the S. pombe "TATA" 
consensus (TATAAA) and one sequence with a perfect match (overlined in 
Figure 5.6A). On the g1c27 coding strand there are four sequences with one 
A-T mismatch (underlined in Figure 5.6A). Most of these "TATA" sequences 
(6/9) lie within six (A-T) >1 0 sequences found in the intergenic region. The 
presence of multiple "TATA" elements may reflect multiple initiation sites for 
the cdc27 and g1c27 genes; there is evidence from Northern blotting 
experiments that there are two or more transcripts derived from each of these 
genes (Chapter 4, 4.2.2). 
In S. cerev/siae the transcription initiation site itself contains information 
regarding the precise location of initiation (reviewed in Stanaway et a6 1987) 
and there appear to be preferred sequences at the initiation site (Dobson et 
al. 1982; Hahn et a!, 1985). In S. pombe there are no obvious similarities 
between the transcription initiation sites of the genes listed in Table 5.3. 
Every S. cerevis/ae gene studied so far has an "upstream activation site" (UAS 
in Figure 5.7) which is required for efficient expression and determines the 
regulatory properties of the promoter (Guarente, 1984). Genes subject to 
common regulation have similar sequences in the UAS which serve to bind 
transcriptional regulatory proteins (reviewed by Struhl, 1987). In addition, there 
are UAS5 required for constitutive expression. For three genes, Struhl (1985) 
has shown that poly(A).poly(T) homopolymer sequences are characteristic of 
these constitutive IJAS5. In the g!c27- cdc27 intergenic region there are three 
imperfect poly(A) sequences of >75% A residues over at least 12nt (747-759: 
10/13; 856-868: 11/13; 880-892: 10/13). These poly(A) sequences are shorter 
than those Struhl (1985) found were active as UAS5 in S. cerev/siae although 
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the genes he was investigating may be exceptional since only 25% of yeast 
genes contain poly(A) homopolymers of comparable length (15/17). However, 
8bp homopolymers are found in 80% of yeast upstream sequences compared 
with a random expectation of 10% (Struhl, 1985). AG-i lacks both the "TATA" 
sequences and the imperfect poly(A) homopolymers (Figure 5.6), but still 
complements a cdc27-P77 mutation when on a multicopy plasmid (5.2.3). It 
would be of interest to investigate the cdc27 activity of this deletion when 
present as a single copy in the genome. 
5.2.5 Features of downstream sequences 
The 3' end of the cdc27 gene (Figure 5613) is unusual in that it contains a 
putative intron in the untranslated region. The region between the stop codon 
at residue 2679 and the start of intron 7 at residue 2785 is 72% AT and 
therefore characteristic of non-coding regions in S. pombe The first lSObp 
after the end of intron 7 is also AT-rich (77%) mostly due to two highly 
AT-rich regions: 2890-2918 has 28/29 AT and 2949-2960 has 12/12 AT. The 
first AT-rich region contains a consensus higher eukarVotic polyadenvlation 
sequence AATAA.A (Proudfoot and Brownlee, 1976). The remainder of the 
sequence up to the BamHl site has an AT content (63%) characteristic of the 
S. pombe genome as a whole. 
A common feature of the 3' untranslated regions of S. pombe genes are 
poly(T) hornopolymers, often repeated two or three times (Table 5.4). After 
splicing out of intron 7 there is a poly(T) 9 sequence starting at residue 2784 
and a poly(T) 8 sequence starting at residue 2948. It is not known whether 
these homopolymer sequences are important for transcript processing in 
S. pombe 
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Table 5.4 Poly(T) sequences of 6 bases or longer in the 3' untranslated regions of five 
S. pombe genes 
Gene 	 Poly(T) Sequence 
actin C(T) 7 , G(T) 6 
cdcl7 
me/3 C(T) 10, C(T) 5, A(T) 6 
rani C(T)6 
sac 7 C(T)8, C(T) 9, A(T)6 
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5.2.6 presence of an ars consensus 
As described in Chapter 3 (3.2.12), the 3.1kb BamHI-HindlII fragment has ars 
function in S. pomba Maudrell et al. (1986) have identified a lint consensus 
sequence (5'-A/TPuTTTATTTAT/A -3') present in nine ars elements from 
S. pomba A perfect match to this consensus is found at residues 2917-2908 
(5'-TATTTATTTAT-3') on the non-coding strand (underlined on Figure 5.613). 
The significance of this sequence for ars function and expression of the cdc27 
gene could now be investigated using the deletions generated for DNA 
sequencing. 
5.2.7 Codon usage 
The codon usage of the predicted coding region of the cdc27 gene is shown 
in Table 5.5. In the cdc27 gene 55/61 sense codons are used compared with 
38/61 in the ad/i gene and 60/61 in the cdclO gene (data derived from Russell 
and Hall, 1983; and Ayes at a!, 1985). In S. cerevisiaa genes that are highly 
expressed use a limited set of the available codons whereas lowly expressed 
genes use the codons nearly at random (Bennetzen and Hall, 1982). With the 
usage of codons in the genes mentioned above, this correlation also appears 
to hold in S. pomba 
Bennetzen and Hall (1982) derived a measure of non-random codon usage 
called the codon bias index which can be used to compare the codon bias of 
different S. cerevisiae genes. The codon bias index is derived from the 
frequency of use of 25 codons that are "preferred" in the highly expressed 
ADH-1 and glyceraldehyde-3-phosphate genes. An index of 1.0 indicates that 
the "preferred" codons are used exclusively, whereas an index of 0 indicates 
random usage. All the yeast genes they analysed had the same set of 
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Table 5.5 Codon Usage 
AmAcid Codon Number /1000 Fraction AmAcid Codon Number /1000 
Fraction 
Cly CCC 3.00 8.93 0.25 Trp TCC 2.00 5.95 1.00 
dy CCA 6.00 17.86 0.50 End TGA 0.00 0.00 0.00 
dy CdT 3.00 8.93 0.25 Cys TGT 1.00 2.98 1.00 
Cly CCC 0.00 0.00 0.00 Cys TCC 0.00 0.00 0.00 
Clu GAG 9.00 26.79 0.25 End TAG 0.00 0.00 0.00 
Glu CAA 27.00 80.36 0.75 End TAA 1.00 2.98 1.00 
Asp CAT 19.00 56.55 0.83 Tyr TAT 4.00 11.90 0.50 
Asp CAC 4.00 11.90 0.17 Tyr TAC 4.00 11.90 0.50 
Val CTC 1.00 2.98 0.06 Lau TTC 10.00 29.76 0.40 
Val CTA 4.00 11.90 0.25 Lau TTA 7.00 20.83 0.28 
Val CTT 10.00 29.76 0.63 Phe Tn 8.00 23.81 0.62 
Val CTC 1.00 2.98 0.06 Phe TTC 5.00 14.88 0.38 
Ala CCC 1.00 2.98 0.07 Set TcG 1.00 : 	 2.98 0.03 
Ala CCA 8.00 23.61 0.57 Ser TCA 9.00 26.79 0.24 
Ala CCT 5.00 14.88 0.36 5cr TCT 15.00 44.64 0.41 
Ala CCC 0.00 0.00 0.00 5cr TCC 5.00 14.88 0.14 
Arg ACC 1.00 2.98 0.08 Arg CCC 0.00 0.00 0.00 
Arg AdA 6.00 17.66 0.50 Arg CCA 0.00 0.00 0.00 
Set ACT 6.00 17.86 0.16 Arg CCT 4.00 11.90 0.)) 
Set ACC 1.00 2.98 0.03 Arg CCC 1.00 2.98 0.08 
Lys AAC 18.00 53.57 0.44 Gin CAC 2.00 5.95 0.14 
Lys AAA 23.00 68.45 0.56 Gin CAA 12.00 35.11 0.86 
Asn Afl 14.00 41.67 0.78 His CAT 3.00 8.93 0.75 
Asn AAC 4.00 11.90 0.22 His CAC 1.00 2.98 0.25 
Met ATG 3.00 8.93 1.00 Lau CTC 1.00 2.98 0.04 
Ile ATA 5.00 14.88 0.24 Leu CTA 2.00 5.95 0.08 
Ile ATT 12.00 35.71 0.57 Leo CTT 4.00 11.90 0.16 
Ile ATC 4.00 11.90 0.19 Leo CTC 1.00 2.98 0.04 
Thr ACC 2.00 5.95 0.11 Pro CCC 0.00 0.00 0.00 
Thr ACA 5.00 14.88 0.26 pro CCA 3.00 8.93 0.19 
Tht ACT 10.00 29.76 0.53 Pro CCT 11.00 32.74 0.69 
Tht ACC 2.00 5.95 0.11 Pro CCC 2.00 5.95 0.13 
4 
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preferred codons but the degree of preference (the codon bias index) ranged 
from 0.99 for glyceraldehyde-3-phosphate to 0.15 for iso-2 cytochrome C. 
A codon bias index can also be derived for S. pombe genes using a set of 
preferred codons in the ad/i gene. Ten of the codons in this gene are used 
75% of the time or greater to specify their particular amino acid (Table 5.6; 
Met and Trp have no degenerate codons and so are not included in the 
analysis). The codon bias index was calculated using these "preferred" codons 
for the S. pombe genes ad/i, cdc/C and cdc27(Table 5.6). The ad/i gene has a 
high codon bias (because it is used to set the parameters of the index) with a 
value of 0.84. (Note that these values are analogous but not directly 
comparable to the values for S. cerevisiae genes). Surprisingly, both cdclC 
and cdc27 have a small negative value for the codon bias (-0.18 and -0.14 
respectively). This means that these two genes show a bias against the 
preferred codons in ad/i. Indeed, the codon usage of the cdclo and cdc27 
genes is rather similar. Of the "preferred" codons which show a positive bias 
in cdclO (GOT, Gly; COT, Arg; CAA, Gin), two of these (CGT and CAA) also 
show a positive bias in cdc27and the other shows no bias. If negative bias is 
a general phenomenon in lowly expressed S. pombe genes it would have 
interesting implications for the selective and mutational forces which 
determine the pattern of codon usage in different genes. 
Codon bias can be used as a gene-finding tool to help assign the correct 
reading frame in a DNA sequence. The "spliced" DNA sequence of the cdc27 
gene (i.e. the sequence used above to conceptually translate the DNA 
sequence into a protein sequence) was analysed by the method of Gribskov at 
at (1984) taking the codon usage of the cdclO gene (from Ayes eta!? 1985) as 
a reference. This method (implemented as C000NPREFERENCE in the UWGCG 
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Table 5.6 Codon bias indexof three S. pornbe genes 




The codon bias index is a measure of the fraction of codon choices which are 
biased to a set of preferred" codons. For S. pombe these 'preferred' codons 
are those that are used 75% of the time or greater to specify their particular 
amino acid in the ad/i gene. These are GGT (Gly), GAG (Glu), AAG (Lys), AAC 
(Asn), TGC (Cys), TAC (Tyr), TTC (Phe), CGT (Arg), CAA (Gin), CAC (His). Met 
and Trp have no degenerate codons and so are not included in the analysis. 
The codon bias index was calculated as described by Bennetzen and Hall 
(1982). 
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package) estimates whether any of the three possible reading frames (on one 
strand) has a codon usage more like that of the reference gene than of a 
random sequence. The statistic is plotted across the whole length of the DNA 
sequence for each of the reading frames. The occurrence of rare codons 
(which occur at a frequency of <0.1 in the reference protein) is also plotted, 
as are open reading frames. The resulting plot (Figure 5.8) shows that the 
predicted reading frame (frame B) has a consistently higher score than the a 
random sequence (drawn as a broken straight line): 1.0590 is the score for 
frame B and 0.9245 is the random expectation. Frame A has a score of 0.8496 
and frame C a score of 0.9719. Although frame C has a score above the 
random expectation it has many stop codons and a higher number of rare 
codons than frame B (14 versus 9). There is an open reading frame in frame A 
extending off the end of the DNA sequence but the high number of rare 
codons in this ORF tends to support the original reading frame assignment in 
this region. 
5.3 ANALYSIS OF THE PREDICTED cdc27 GENE PRODUCT 
53.1 Features of the deduced protein sequence 
The deduced amino acid sequence of the cdc27 gene product (Figure 5.9) 
predicts a protein of 335 amino acids with a relative molecular mass of 38076 
daltons (38kd). If the sixth intron were not removed from the mRNA the 
predicted protein would contain an additional 13 amino acids and have a 
molecular mass of 39500 daltons. 
The amino acid composition of the predicted cdc27 protein (Table 5.7) has 
some unusual features. The protein is rich in basic lysine . (K) residues and 
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Figure 5.8 CODONPREFERENCE plot of the spliced cdc27 gene 
Frame B is the predicted reading frame of the cdc27 gene. The statistic is also 
calculated for the other two possible reading frames. The statistic calculated for a 
random sequence of the same base composition is indicated by a broken line. Open 
reading frames (ORFs) are indicated iby boxes. Rare codons are indicated by short 
vertical lines. The S. pombe cdctOq4ne is the reference CIAnA 
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1 MEEWRNFLDI KVINESSLVT ATIFIJYPIYL IHCQPIDDEt NLEIDEESOP 
51 ISNFPVLQYI LCDKSSLQEX QSRrJKSGYKT VIFALSSAPL SDFDELLPAV 
101 YEIREKDVbY KKEDADKYGF IFNENSVPRV TJKXAPSTHSP QLSVPSKTST 
151 IDRTDTRSTE KTKGKDIFSN ABNQKGNSSR KNKXAPt,ENH KEKEPLrJPKE 
201 EKrJSEQAKRE RDDLKNIMQL EDESVSTTSV HDSEDDNLDS NNFOLEIGTE 
251 AKSAAPDEPQ ETIKSVSGGK RRGXRKVKKY ATTKDEEGFC VTKEEEVWES 
301 FSEDENISTG TSNVKKNTAQ SKPQQKSIMS FFGKK 
Figure 5.9 Deduced amino acid sequence of the cdc27 gene product 
Segments of the sequence having 80% acidic or 80% basic residues over at 
least five residues are underlined. The sequence Is shown in the single letter 
amino acid code. The code is A, alanine; C. -cysteine; -0,. -aspartic -acid; E, -  
glutamic acid; F, phenylalanine; 0, glycine; H, .histidlne; I. isoleucine; K. lysine; 
L. leucine; M, methionine; N, asparagine; P. praline; 0. glutamlne; R. arginine; S. 
serine; 1. threonine; V. valine; W, tryptophan; V. tyrosine. 
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Table 5.7 Amino acid composition of the deduced cdc27 protein 
Molecular weight = 	38076.29 	Residues = 
Average Residue Weight = 113.322 
Residue 	 Number 	Mole Percent 
A = Ala 	 14 	 4.167 
C = Cys 1 0.298 
D = Asp 	 23 	 6.845 
S = Glu 36 10.714 
F = Phe 	 13 	 3.869 
C = dy 12 3.571 
H = His 	 4 	 1.190 
I = Ile 21 6.250 
K = Lys 	 41 	 12.202 
L = Leu 25 7.440 
M = Met 	 3 	 0.893 
N = As,, 18 5.357 
P = Pro 	 16 	 4.762 
Q = Gin 14 4.167 
R = Arg 	 12 	 3.571 
S = Ser 37 11.012 
T = Thr 	 19 	 5.655 
V = Val 16 4.762 
W = Trp 	 2 	 0.595 
























sequenced proteins (Doolittle, 1986). Overall, there are 35% charged residues 
compared with 25% in the "average" protein. The calculated isoelectric point 
or p1 is 6.07 which is in the range typical for globular proteins (Lehninger, 
1975). The protein has significantly higher proportions of alanine (A) and 
serine (S), and lower proportions of glycine (0) and cysteine (C) than the 
"average" protein. Indeed, the proportion of cysteine is 10%  of the average. 
Secondary structure predictions were performed using the methods of Chou 
and Fasman (1974) and Gamier et al. (1978) as implemented on the UWGCG 
Sequence Analysis software package (Chapter 2, 2.19). Most of the protein is 
predicted to form alternating a-helix and l3-sheet conformations (Figure 5.10) 
except for the region from residues 180 to 270 which is predicted to be 
primarily a-helical. 
5.3.2 Homology searches 
The deduced cdc27 protein sequence was used to search for similarities to 
sequenced proteins in the hope of finding some significant homology. The 
National Biomedical Research Foundation (NBRF) Protein Database (Version 12, 
containing 4750 sequences) was searched with the assistance of Dr. John 
Collins (Department of Molecular Biology, University of Edinburgh) using an 
exhaustive method based on the "best local similarity" algorithm of Smith and 
Watterman (1981). Using a table giving the scores for matches, mismatches 
and insertions/deletions (indels) this algorithm finds the optimal alignment 
between two sequences which maximises the arbitrary score. Unlike the rapid 
methods for searching databases for homologies, this method does not have a 
"filtering" step to eliminate most of the sequences in the database before an 
exhaustive search is done. Therefore, it should be significantly more sensitive 
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Figure 510 Secondary structure predictions of the deduced cdc27 gene product 
The secondary structure predictions were performed using the methods of Chou and 
Fasman (1974) indicated by CF. and Gamier at al. (1978) indicated by GOR, as 
implemented in the UWGCG PEPTIDESTRLJCTURE program. The predictions are for 
turns (1), a-helices (a) and B- sheets (B). 
(A) 
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• 	in detecting limited similarities. The program was run on an ICL Distributed 
Array Processor (DAP) as described by Coulson et al. (1987). 
The proteins that gave the twenty highest scoring alignments are shown in 
Table 5.8 together with the score of each alignment. The statistic given to 
assess the significance of each alignment is the expected frequency with 
which a score would be found by chance. This is calculated from the 
distribution of scores of the lowest 98% of the matches, which are assumed 
to be unrelated to the query sequence (see Coulson et at, 1987, for details of 
the statistic). The 14 "different" proteins listed in Table 5.8 have no obvious 
functional similarity to each other. Inspection of the alignments indicates that 
the cdc27 protein is not an obvious homologue of any of the proteins listed. 
The three best alignments are shown in Figure 5.11. These are to the P2 
protein of influenza virus (an RNA-dependent RNA polymerase; Fields and 
Winter, 1982), the non-histone chromosomal protein HMG-14 and the 
fibrinogen alpha chain precursor. The significance of these three alignments 
was investigated further by the so-called "shuffle" test (Doolittle, 1981). Each 
of the three proteins was "shuffled" to generate twenty "random" proteins with 
the same amino acid composition as the original protein. (Only the segment 
shown in Figure 5.11 of each protein was used in the shuffle). The cdc27 
protein was then aligned with each of the "random" sequences (using the 
PROFILESEARCH alignment program in the UWGCG package). The alignment of 
the cdc27 protein to the genuine protein was 13.7 standard deviations from 
the mean of the scores of the "random" sequence alignments in the case of 
the influenza virus P2 protein, 4.04 standard deviations for the HMG-14 protein 
and 8.28 standard deviations for the fibrinogen alpha chain. The statistical 
significance of these apparent homologies is difficult to assess because the 
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Table 5.8 	The twenty best matches to the deduced cdc27 protein 
Protein Score Exp. 	Freq. 
 P2 protein, 	influenza virus 115 0.019 
 HMG-14, bovine 109 0.050 
 Fibrinogen alpha chain, 	rat 108 0.059 
 P2 protein, 	influenza A virus 105 0.095 
 Myosin heavy chain, 	rabbit 103 0.131 
 spike glycoprotein, 101 0.180 
vesicular 	stornatitis virus 
 Alpha-2--macroglobulin, 	human 99 0.249 
 Myosin heavy chain, 	rabbit 99 0.249 
 Alpha-2-macroglogulin precursor, human 99 0.249 
 Protein 2, Cauliflower mosaic virus 99 0.249 
 ATPase inhibitor, bovine 96 0.403 
 Glycoprotein precursor, 94 0.555 
Punta toro phlebovirus 
 Tropomyosin alpha chain, 	rabbit 93 0.652 
 Myosin heavy chain, nematode 91 0.899 
 Large T antigen, JC polyomavirus 90 1.056 
 Myosin heavy chain, nematode 90 1.056 
 Initiation factor 2, 	E. 	coli 90 1.056 
 Large T antigen, BK polyomavirus 90 1.056 
 Assembly protein, phage H52 89 1.240 
 Interferon gamma precursor, 	rat 89 1.240 
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>P Ii P21V34 	P2 protein — Influenza A virus (strain A/PR/e/34) 
No. 	1 Layer 210 	Score- 115 Quality 	15.395 
HITS- 	49 MISMATCHES- 	34 .LNDELS- 	9 EXPECTED NO. 	
Q..190L66E-01 
423 ILDEICEDVAPIEHIASMRRNYFTSEVS14CRATEV!MX0VVINTALLWA8CAAMDDF 0 
40 INL EIDEESOPISNFPVLG VILCDRSSLOEI409RI_I(SOV KTVXF4LSSAPL9DFDE 
482 LIPMISKCRTKEO RRK TNLVQFIIKQRS 	309 
96 LLPAVYE1REKDVLYK)EDAD$kVQFIFNEN9 226 
>Pl;NSDOH4 	Wonhistone chromosomal protein HMO-14 — Bovine 
No. 	2 Layer 120 	Store" 109 Quality 	19.464 
HITS" 	42 MISMATCHES- 	24 INDELS- 	6 EXPECTED NO. 	0.499635E-01 
* 	* 	.*..** .* . 	* .*.. *. *** *. . * **. • .** . C. 
13 REEPKRRSARLS AI4PAP AKVETKPK KAA0KDKSSDIV0TKQIcROAKOK0AEVANG 
132 IcI4APSTHSPOLSVPSKTSTIDKTDTRSTEtkTK0(D1FSNARN0 gONSSRIkNKKAPLENH 
69 ETKEOL PAEN 	 78 
191 KEKEPLLPKEE 201 
)P1; FORTA 	Fibrinogen alpha chain precursor — Rat 
No. 	3 Layer 260 	Score- 108 Quality 	27.068 
HITS- 	34 MISMATCHES- 	13 INDELS- 	4 EXPECTED NO. 	0.595542E01 
**.**. *.*****. * 	*.* C.. 	*.*.**.. * C.. 
494 PSSHVPEFSSSSRTSTVRKOVTK9Y K NADEAASEA HQEODT RTTKRG 	540 
135 PSTHSPOLSVPSKTSTIDKTDTRSTEKTKCKDIFSNARNOKONSSRKNKKA 295 
Figure 5.11 The three highest-scoring alignments of proteins in the NBRF 
Protein Sequence Database to the deduced amino acid sequence of the cdc27 - 
gene product 
The lower of the two sequences in each alignment is the cdc27 protein. 
Numbers at the ends of the sequence segments indicate the position within 
the entire protein chain of the aligned residues. Identical pairs of residues are 
starred; pairs scoring positively but non-identical are dotted; all others attract 
penalties. 
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distribution of scores may not approximate to the normal distribution. The 
biological significance is also unclear, although both the P2 AMA polymerase 
and the HMG-14 chromatin protein presumably interact with nucleic acids. 
Fifteen of the best fifty alignments were to various myosin heavy chain 
sequences. Such a high frequency is apparently not uncommon and suggests 
the presence of a-helical regions (Doolittle. 1986). The region of the cdc27 
protein that aligns with the myosin heavy chain sequences is approximately 
from residue 182 to 270, which is the region predicted to be predominantly 
a-helical (Figure 5.0). 
• 	 The cdc27 protein was also compared to a translation of the yeast sequences 
in the Genbank DNA Sequence Database (Version 50) using the rapid searching 
algorithm of Wilbur and Lipman (1983) (implemented as WORDSEARCH in the 
UWGCG package). No obvious homologies were found (data not shown). The 
cdc27 protein was also compared against the deduced protein sequences of 
the S. cerev/siae"start" genes CDC26 CDC36 CDC37 and CDC39 (Ferguson at 
5/, 1986), and the S. care v/s/se /C4R1 gene also required in the cell cycle (Rose 
and Fink, 1987), but no homologies were found. 
In conclusion, the predicted cdc27 protein is not a homologue of any 
previously sequenced protein (in the NBRF database). Therefore, little can be 
said about the possible biochemical function of the cdc27 gene product. 
CHAPTER 6 
CHAPTER 6 - GENETIC INTERACTIONS 
6.1 INTRODUCTION 
A molecular description of the cell cycle will require an understanding of the 
interactions between the various gene products involved. One type of 
interaction involves the assembly of proteins into multimeric structures. For 
example, mitosis involves the assembly of several intricate structures, 
including the mitotic chromosomes and the mitotic spindle. Another type of 
interaction is that between an enzyme involved in protein modification (e.g. 
phosphorylation) and the protein substrates of the enzyme. 
The first part of this chapter is concerned with possible interactions between 
the cell cycle control genes cdc2 and wee?, and the cdc27 gene. This 
involves investigating the effects of wee alleles of cdc2 (cdc2w alleles) on the 
cell cycle timing of the cdc27 gene-controlled step, following the observations 
of Fantes (1983) who showed that weel mutations could advance the cdc27 
transition point. 
The second part of this chapter describes a pseudoreversion analysis of cdc27 
mutants. This involves the isolation of extragenic suppressors with the aim of 
identifying genes whose products interact with the cdc27 gene product. 
6.2 TRANSITION POINTS IN wee MUTANTS 
The completion of a cdc gene-controlled step in the cell cycle can be 
estimated from the transition point of a temperature-sensitive mutant 
defective in the cdc gene (Chapter 1, 1.4.2). The transition point is the point in 
the cycle beyond which a shift to the restrictive temperature can no longer 
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prevent the cdc mutant cells from completing the cycle. Mutant cells prior to 
the restriction point will arrest and be unable to divide 
In S. pombe the transition points of ts cdc mutants have been determined by 
shifting an asynchronous culture from the permissive to the restrictive 
temperature and measuring the fraction of the cells that go on to divide 
(Nurse at a!,, 1976). After correcting for the age distribution of an 
asynchronous culture (Cook and James, 1964) this fraction can be used to 
calculate the transition point (see Table 6.1). 
The transition points of cdc27 mutants lie at around 0.6 of a cycle, shortly 
before the time of mitosis at about 0.75 of a cycle (Nasmyth and Nurse, 1981). 
In a weal-S mutant the transition point of the cdc27-K3 allele is advanced by 
0.4 of a cycle (from 0.62 to 0.22; Fantes, 1983). The effect of cdc2w mutations 
on the transition points of cdc27 mutants has not been investigated. However, 
the cdc2-1w mutation does not advance the transition point of the cdcl-7 
mutant whereas weal mutations do cause an advancement (Fantes, 1983). 
There is genetic evidence that the cdc2w alleles (cdc2-lw and cdc2-3w) have 
different properties from each other and from weal mutants (Fantes, 1979, 
1981; Russell and Nurse, 1987a; see Chapter 7 for a discussion). 
The effect of cdc2w mutations on the transition points of cdc27 mutants was 
investigated by shifting cultures of cdc27 cdc2-1w or cdc27 cdc2-3w double 
mutant strains from the permissive to the restrictive temperature and 
following the pattern of cell division (Figure 6.1). One obvious feature of the 
cell number curves is that strains carrying the cdc2-3w mutations escape the 
cdc block to a greater extent than the other strains. By 4.5 hours after the 
shift-up, both the cdc27 cdc2-3w cultures have more than doubled the initial 
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Figure 6.1 Effect of temperature shift on cdc27 strains 
Exponentially growing cultures in EMM at 25 °C were shifted at time 0 and 
sampled every 30 minutes for cell number determination. The results are 
plotted on a semi-logarithmic scale with 1 unit of the ordinate equivalent to 
107 for cdc27-K3 107 for cdc27-K3 cdc2-Iw 0.8x10 7 for cdc27-K3 cdc2-3w 
and 0.5x10 7 for cdc27-P71 cdc2-3w, per ml of culture. As the arrest of cell 
division was incomplete, the fraction of cells able to divide after the shift was 
estimated from the first time at which the rate of cell number increase fell to 
a much lower value. The cell numbers used in calculating the transition points 
are indicated by the open triangles. 
Table 6.1 Transition points of cdc27 strains 
Strain 
	
Fract. Cell No. Increase 
	
Transition Point 
cdc27-K3 	 1.40 	 0.5. 
cdc27-K3cdc2 -- lw 	 1.71 	 0.2 
cdc27-K3cdc2-3w 	 1.70 	 0.2 
cdc27-P77 cdc2-3w 	 1.56 	 0.4 
The fractional cell number increase (N2/N1) was calculated from the initial cell 
number (Ni) and the cell number at the transient plateau (N2) shown in Figure 
6.1. The transition point (TP) was calculated from the relationship 
TP = 1 - ln(N2/N1)/1n2 derived by Howell et at (1975). 
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Some leak through is also seen in the cdc27-K3 cdc2-1w culture, although it 
is not as dramatic. 
Microscopic examination of these strains after replica plating to the restrictive 
temperature showed clear differences in the appearance of the cells in the 
different mutant combinations. After 18 hours on YEA plates at 35 ° C, the 
cdc27-K3 and cdc27-K3 cdc2-1w cells were considerably elongated (not 
shown); the single mutant cells were 5-6x wild-type size, and the double 
mutants were 2-4x wild-type size consistent with these cells being one-half 
the size to start with. However, the cdc27-K3 cdc2-3w and the cdc27-P71 
cdc2-3w cells were not much longer than wild-type, although there was some 
heterogeneity in size (not shown). None of these strains form colonies at 
35 °C, although intermediate temperatures have not been tested. Therefore, 
the cdc2-3w mutation does not suppress cdc27 mutations, at least in the long 
term. The reason for the loss of viability of the cdc27 cdc2-3w mutant cells 
at the restrictive temperature does not appear to be continued cell elongation. 
(Prevention of mass increase can reduce the loss of viability of cdc mutants at 
the 	restrictive temperature; Nurse 	and 	Bissett, 1981). It 	might be that the 
daughter cells produced by the leak through are inviable and do not continue 
to grow. A careful study of the residual cell divisions in a cdc27 cdc2-3w 
strain is required to further interpret these results. 
The cell number increases of the cultures to the transient plateaus were used 
to calculate transition points (Table 6.1). The transition point of cdc27-K3 
(0.51) is slightly earlier than previous estimates (0.64 by Nasmyth and Nurse, 
1981; 0.62 by Fantes, 1983). The transition points of the cdc27 cdc2w strains 
are still considerably earlier (0.2 to 0.4 ) than the single mutant, comparable 
with the advancement to 0.22 of a cycle in the cdc27-K3 wed-S strain 
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(Fantes, 1983). An independent experiment with a cdc27-K3 cdc2-3w strain 
gave a transition point of 0.22 (data not shown), in close agreement with the 
experiment presented. The transition point advancement in the cdc27-K3 
cdc2-1w strain is surprising since the transition point of the cdcl-7 allele is 
not affected by the cdc2-1w mutation (Fantes, 1983). 
A similar experiment to the one above was performed with cdcl-7 weal and 
cdcl-7 cdc2w strains (Figure 6.2, Table 6.2). As reported by Fantes (1983) the 
transition point is advanced by the weal-S mutation. Smaller advancements 
are seen in the cdcl-7 cdc2w strains though these may not be significant. 
Again it is noticeable that the strain with the cdc2-3w mutation shows a 
considerable leak through by the end of the experiment. 
These preliminary results suggest that the cdc2w alleles can affect the time of 
completion of the cdc27 gene-controlled step, as has been demonstrated for 
the weal-S mutation (Fantes, 1983). It has been suggested (Russell and 
Nurse, 1987a) that the weel gene product regulates the timing of mitosis by 
acting directly on the cdc2 gene product. The ability of the cdc2w alleles to 
advance the cdc27 mutant transition points supports this model which predicts 
that all the effects of wee  should be mediated through cdc2 
6.3 PSEUDOREVERSION STUDIES 
Mitosis is a morphogenetic event which requires the spacial and temporal 
organisation of protein complexes. A genetic strategy to investigate such a 
system was developed in studies of bacteriophage morphogenesis by Jarvick 
and Botstein (1975). Conditional mutants in one gene could often be 
suppressed by 	mutations in a 	second interacting 	gene product. The 
























Figure 6.2 Effect of temperature shift on cdc7-7 strains 
A temperature shift from 25 ° C to 36 ° C was performed as described in Figure 
6.1, One unit of the ordinate is equivalent to 400 6 for cdcl-Z 1.66006 for 
cdcl-7 weel-6 4x10 6 for cdcl-7 cdc2-1w and 2.5x10 6 for cdcl-7 cdc2-3w. 
The cell numbers used in calculating the transition points are indicated by 
open triangles. 
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Table 6.2 Transition points of cdcl-7 strains 
Strain 	 Fract. Cell No. Increase 	Transition point 
cdcl-7 	 1.22 	 0.7 
cdcl-7 wool-S 	 1.58 	 0.3 
cdc1-7cdc2-7w 	 1.36 	 0.b. 
cdcl-7 cdc2-3w 	 1.42 	 0.5 
The fractional cell number increases and the transition points were calculated 
as described in Table 6.1 from the cell number curves in Figure 6.2. 
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strategy has been extended to the S. cerevisiac cell cycle by isolating 
temperature - sensitive revertants of cold-sensitive (cs) cdc mutants (Moir et 
a!, 1982). A similar approach has recently been adopted in S. pambe (Booher 
and Beach, 1987). In the S. cerevisiae study, most of the ts revertants had a 
cdc phenotype, indicating that this approach might provide a powerful 
enrichment for cell cycle mutants. 
In applying this pseudoreversion strategy to cdc27 mutants, it was first 
necessary to determine whether extragenic suppressor mutations could be 
obtained at a reasonable frequency. Two mutant alleles, cdc27-K3 and 
cdc27-P71, were mutagenised by ultra violet irradiation to a survival rate of 
about 40% (using a Phillips P40/0G bulb at a vertical distance of 60 cm from 
the surface of the plate for 20-40 seconds). The mutagenised cells were 
maintained at 25 °C for 6-8 hours before shifting to 35 °C. After four or five 
days at 35 °C. revertant colonies appeared. Sixteen independent revertants (i.e. 
from different plates) were picked and analysed further. The phenotypes of 
the revertants at 35 °C varied from wild-type in size to 2-3 times wild-type 
size, but all sixteen could form colonies at 35 ° C. None were cold-sensitive at 
25 °C or 20 °C. The sixteen revertants were crossed to wild-type (either 975? 
or 972h -) and the spores analysed (Table 6.3). If the mutation causing the 
suppression were extragenic to cdc27 then 25% of the progeny would be 
expected to be ccIc. If the mutation were intragenic, then cAcS segregants 
due to intragenic recombination would be rare (<1x10 3). Nine of the sixteen 
revertants gave c&C segregants in this cross indicating that these nine were 
extragenic mutations. Therefore, extragenic revertants of both cdc27 alleles 
can be isolated at a high frequency (—SO% of all revertants). The number of 
different genes defined by the extragenic revertants was not investigated. 
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Table 6.3 Crosses of cdc27revertants to wild-type 
Revertant ck 	Segregants Extragenic 
P11-1 yes yes 
P11-2 no no 
P11-3 no no 
P11-4 yes yes 
P1 1L-1 yes yes 
P1 1L-2 no no 
PI1L-3 yes yes 
P11L-4 yes yes 
K3-1 yes yes 
K3-2 no no 
K3-3 no no 
K4-4 yes yes 
K3L-1 yes yes 
K3L-2 no no 
K3L-3 yes yes 
K3L-4 no no 
P11 and K3 revertants were derived from cdc27-P77 .'f and cdc27-K3 if 
strains respectively. PilL and K3L revertants were derived from cdc27-P11 
Ieul-32 if and cdc27-K3 Ieul-32 it strains respectively. The revertants were 
crossed to wild-type strains 975 h or 972 h. Spore preparations were plated 
onto YEA at 25 ° C and transferred to 35 °C after two days to detect cdc 
segregants. 
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The aim of the next experiment was to isolate cold-sensitive revertants which 
might prove to be more informative than revertants without an obvious 
phenotype. The mutagenesis procedure was repeated as before and about 
1000 revertants were screened for cold-sensitivity by replica plating to 25 ° C 
and 20°C. One strongly cs revertant of cdc27-P17 was obtained. This cs 
revertant (designated csR27-P11) has a curious phenotype at either 20 ° C or 
25 ° C (Figure 6.3, A and B). After 20 hours at 20 ° C or 25 ° C on YEA plates, the 
cells become swollen and an unusually high proportion (up to 40%)  of the 
cells have a septum which subsequently fails to cleave. After prolonged 
incubation (two days) many of the cells have multiple septa (not shown). The 
swelling of the cells is more obvious at 25 ° C, presumably because the cells 
have accumulated more mass at the higher temperature. Although csR27-P1 1 
grows well at 32 ° C and 35 ° C (Figure 6.3, C and 0) it cannot form colonies at 
25 ° C or 20 ° C. Random spore analysis  of a cross to wild-type indicated that 
the suppressor mutation in csR27-P1 1 was extragenic to cdc27 However, it is 
not known whether the suppressor mutation is also responsible for the cs 
phenotype. 
It is not clear whether the cs mutation is a cell cycle defect or a growth 
defect. The swelling of the cells and the lack of elongation is similar to the 
phenotypes cdc mutants (cdc.g cdc4, cdc8 and cdc12) defective in late septum 
(cell plate) formation (Nurse at a!,. 1976). It was argued (Nurse at at 1976) 
that these mutants are blocked at the "constant volume" phase of the cycle 
(Mitchison, 1970) during which cell elongation is inhibited and a septum is 
formed. Consequently, the mutant cells fail to elongate and accumulate 
disorganised septum material. An alternative explanation is that csR27-P1 1 is 
defective in some aspect of cell wall synthesis so that cell elongation is 
prevented. To discriminate between a septation defect and a cell elongation 
Figure 6.3 Phenotypes of cold-sensitive revertant csR27-P1 1 
After 20 hours at 20 ° C. 
After 20 hours at 25 ° C. 
After 20 hours at 32 ° C. 
After 20 hours at 35 ° C. 
All four photographs were taken at the same magnification. The strains were 
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defect it is necessary to block the division cycle before septum formation is 
initiated; if cell elongation continues under these conditions then the defect 
cannot be in cell elongation. This experiment could be performed with 
csR27-P1 1 by blocking the division cycle at 20 °C or 25 °C using benomyl or a 
cs mitotic cell cycle mutant. Neither of the explanations above account for 
the high proportion of septated cells formed by csR27-P1 1 at the restrictive 
temperatures; a leaky defect must be invoked. It would be of interest to 
determine whether nuclear division is completed in the septated csR27-P1 1 
cells. The late septum formation mutants accumulate two to four nuclei per 
cell (Nurse at a!, 1976). However, certain mutants defective in mitosis, such 
as cdc13 or nda2 (an a-tubulin mutant), form a defective septum after 
prolonged incubation under restrictive conditions (Nurse at a!, 1976; Toda at 
a!, 1983). Therefore, it is possible that csR27-P1 1 is defective in some aspect 
of mitosis which still allows a (defective) septum to be formed. 
CHAPTER 7 
CHAPTER 7 - GENERAL DISCUSSION 
7.1 INTRODUCTION 
A molecular understanding of the cell cycle requires a knowledge of the 
functions of the various gene products involved and the interactions between 
them. For a number of reasons, the yeasts S. pombe and S. carey/s/se are 
proving to be excellent model organisms in which to investigate the molecular 
events of the eukaryotic cell cycle. Firstly, mutants defective in a particular 
aspect of the cycle can be isolated and used to describe the cell cycle in 
terms of gene functions (Pringle and Hartwell, 1981; Nurse and Fantes, 1981). 
Secondly, cell cycle genes can be isolated by complementation of a mutant 
defect (Nasmyth and Reed, 1980; Beach at a!, 1982a). The deduced amino acid 
sequence of the gene product may be informative about its function, and 
antibodies against the protein product can be used to investigate the 
biochemical properties of the protein (Lbrincz and Reed, 1984; Simanis and 
Nurse, 1986). Thirdly, genetic interactions between mutant genes or the 
isolation of extragenic suppressor genes can point to molecular interactions 
between the gene products (Fantes, 1979; Hayles at a!, 1986). Fourthly, the 
cellular function of any cloned gene can be investigated by mutating the gene 
in vitro, introducing the mutated gene into the chromosome in place of the 
wild-type copy, and examining the consequences on the cell; a reverse 
genetics procedure termed "wreck and check" by Broach (1986). 
In this study, several of these approaches have been used to investigate the 
S. pombe cdc27 gene required for progression into mitosis. The first part of 
this discussion will focus on the organisation of the cdc27 gene, the second 
part on the possible biochemical function of the cdc27 gene product, and the 
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third part on the mitotic control and the cell cycle timing of the step requiring 
cdc27 function. 
12 STRUCTURE OF THE cdc27 GENE 
7.2.1 Organisation of the exons and introns 
The cdc27 gene has the most complex organisation of exons and introns yet 
found in a S. pombe gene (Chapter 5). The gene is split by seven putative 
introns: six within the predicted coding region and the seventh in the 3' 
untranslated region (Chapter 5, Figure 5.4). The second axon is only six bases 
long, which makes it the shortest exon found so far in any eukaryotic gene. 
However, there does not seem to be a strict order for the excision of multiple 
introns from higher eukaryotic pre-mRNAs (see review by Padgett et al., 1986), 
so that the actual exon length used in the splicing reaction may be much 
longer than six bases if the flanking introns are spliced at different times. 
The sixth intron is unusual in that it does not contain an in-frame stop codon. 
If this intron were not removed from the pre-mRNA then the translated gene 
product would contain an additional 13 amino acids. A similar situation was 
found with the fourth intron of the cdc2 gene which could encode 18 amino 
acids (Hindley and Phear, 1984). Subsequent analysis of the cdc2 transcripts 
showed that the intron was spliced efficiently (Durkacz et a!, 1986). However, 
the 5' splice site and the internal conserved sequence (ICS) of the cdc27 sixth 
intron are rather unusual (Chapter 5, Table 5.2), so it is possible that the intron 
is not removed from all the pre-mRNAs giving rise to two protein products. 
There is evidence that the 1400nt cdc27 mRNA is heterogeneous in size; on 
some gels it can be resolved into a doublet (Chapter 4, Figure 4.3). There are 
a number of possible explanations for this, in addition to alternative splicing, 
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such as multiple transcription start or stop sites. The possibility of alternative 
splicing could now be tested by Si mapping using a probe spanning the 
proposed sixth intron. 
12.2 Implications for the mechanism of pre-mRNA splicing in S. pombe 
The recent development of cell extracts from mammalian and yeast cells that 
can accurately splice endogenously added pre-mRNAs has led to rapid 
advances in understanding the mechanism of splicing and the roles of the 
conserved sequences found within introns (for recent reviews see Padgett at 
a!, 1986; Sharp, 1987). The splicing process is divided into two kinetically 
identifiable steps (Figure 7.1). The first step is cleavage at the 5' splice site 
and joining of the guanosine residue at the 5' end of the intron to an 
adenosine residue near the 3' end of the intron via a 2'-5' phosphodiester 
bond. The intermediate products formed after this step are the free 5' exon, 
and a lariat or tailed circular molecule containing the intron and the 3' exon. 
The second step resolves these intermediates by cleavage at the 3' splice site 
and ligation of the two exons to form the spliced mRNA, with the intron-lariat 
as a by-product. 
What role do the conserved sequences within introns have in the splicing 
process? Mutational analysis of these sequences has been most extensive in 
S. cerevisiae Most mutations at the 5' splice site, the ICS or the 3' splice site 
either greatly reduce the efficiency of splicing or block the process prior to 
one of the two steps of the reaction (Figure 7.1) (e.g. Langford at a!, 1984; 
Newman at a!, 1985; Fouser and Friesen, 1986). Mutations at the splicing 
sequences of vertebrate introns can also reduce or abolish splicing, but often 
result in the activation of cryptic splice sites (Padgett at at, 1986). This 
difference between S. care visiae and vertebrates reflects the greater variability 
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Figure 7.1 The mechanism of pre-mRNA splicing 
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Table 7.1 A comparison of splicing sequences between different organisms 
• 	 Organism 5' Splice Site Branch Point 3' Splice Site 
vertebrate G/CAAGT CTAXC po1y(Py)NC/ 
C 
S. cere v/s/ac C/GTAT3T TACTAAC • 	 Py/ 
• 
	
S. pombe G/GTANCT cTAAC AAG/ 
T CT T 
Invariant residues are underlined. The A residue at the lariat branch point is 
overlined. The vertebrate consensus sequences are from Padgett at al. (1986) 
and Parker at a/. (1987), the S. cerevis/ac sequences are from Padgett et at 
(1986), and the S. pombe sequences are from Table 5.1 (Chapter 5). 
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.of the splicing sequences of vertebrates (Table 7.1). In particular, whereas the 
ICS at the lariat branch site is absolutely conserved in S. cerevisiae introns, 
the consensus around the branch sites of vertebrate introns is weak and often 
does not predict the branch site that is actually used (Padgett at al. 1986). 
The variability of the splicing sequences of S. pombe introns lies somewhere 
between that of vertebrates and S. cerevisias (Table 7.1). The 5' splice site, 
the ICS and the 3' splice site are all more variable than those in S. cerevisiae 
The S. pombe ICS consensus has only two invariant residues (the CT 
dinucleotide, Table 7.1; but see below) compared with seven in S. ceravisiae 
The flexibility of the S. pombe splicing machinery is attested by its ability to 
accurately splice the SV40 small t antigen pre-mRNA (Kãufer at al. 1985) 
which S. carey/s/as cannot splice (Watts et a!1 1983). However, the large T 
antigen pre-mRNA is not spliced efficiently in 	S. pombe (Kufer 	at a!, 1985). 
The 	similarity of the small t antigen pre-mRNA splicing 	sequences to the 
S. pombe consensus sequences and the small size of the intron may explain 
why this gene is accurately spliced in S. pombe 
The 	role 	of 	the 	S. porn/is ICS 	in 	splicing 	has been 	investigated for 	the 
a-tubulin pre-mRNA (Martins and 	Gallwitz, 	1987a). The lariat branch site 	is 
formed primarily at the second A of the CTAAC ICS, although a proportion of 
the branch sites are at the first A residue. This contrasts with S. carey/s/as 
where the lariat branch site is formed exclusively at the third A of the 
TACTAAC ICS (Rodriguez at a!, 1984) and mutation of this A to a C residue 
prevents splicing (Newman et a!, 1985; Fouser and Friesen, 1986). The 
possibility of 	lariat 	branch formation 	at the first A of the 	S. porn/ia ICS is 
in 
supported by the CTACC ICS 	of 	the 	intronAthe  carnl gene 	(Takeda 	and 
Yamamoto, 1987) 	and by the CTACT ICS of the predicted sixth intron in 
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the cdc27 gene (Chapter 5, Table 5.2). The lack of splicing with a mutant 
GTACC ICS in the ct-tubulin intron (Martins and Gallwitz, 1987a) suggests that 
the invariant CT dinucleotide in S. pombe ICSs is essential for splicing and 
that a C residue cannot substitute for the C (although Martins and Callwitz 
interpret this mutant ICS differently). Therefore, the sequence requirements 
for an ICS in S. pombe appear to be the a CT dinucleotide at positions 1 and 
2, an. A residue at positions 3 or 4 to form the branch point and a pyrimidine 
at position 5. The predicted ICS of the cdc27 second intron (CTTAAT) 
suggests that the sequence requirement is even more flexible and can tolerate 
the insertion of a T residue. The degeneracy of the ICS sequences found in 
S. pombe is also a feature of other fungi such as Aspergil/us nidulans which 
has quite variable sequences around the presumed branch site (e.g. May et 8/, 
1987). The strict conservation of the S. cerevisiae ICS may be the exception 
even among lower eukaryotes. 
Molecular recognition of the 5' splice site and the lariat branch site by the 
splicing machinery has been shown to depend, in part, on Watson-Crick 
base-pairing with small nuclear RNAs (snRNAs): the Ui snRNA recognises the 
5' splice site (Zhuang and Weiner, 1986), and the U2 snRNA recognises the 
lariat branch site (Parker et a!, 1987). A surprising finding (Ares, 1986) was 
that the 1_12-like snRNA of S. cerevisiae is much larger (-1200nt) than the 
mammalian (J2 snRNA (-200nt) and also has short stretches of homology to 
mammalian U4, US and U6 snRNAs. The S. pombe U2 snRNA is similar in size 
to its mammalian homologue. Again, S. cerevisise appears to be exceptional 
whereas the similarities in many aspects of splicing between S. pombe and 
mammalian cells are striking. 
Recent experiments with S. cerevisiae (Newman, 1987) have implicated 
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sequences within the intron, in addition to the conserved sequences, that are 
required for the assembly of the pre-mRNA into the protein-RNA complex 
known as the spliceosome (Brady and Abelson, 1985). It has been suggested 
that sequence complementarity between sequences downstream of the 5' 
splice site and upstream of the branch site is important for spliceosome 
assembly (Newman, 1987). Potential helix-forming sequences are usually 
found at these positions in S. cerevisiae introns although there is no homology 
between different introns at these positions (Newman, 1987). Examination of 
the introns in the cdc27 gene did not reveal any obvious complementary 
sequences within each intron. It is clear, however, that the consensus splicing 
sequences are not sufficient to direct splicing of a pre-mRNA (Padgett at a!, 
1986). For example, matches to the splicing sequences occur within unspliced 
coding regions in mRNAs such as from the H/S4 gene of S. cerevisias 
(Donahue at a!, 1982). Genuine splice sites must be distinguished in some 
way from other similar sequences, perhaps by sequence context or other 
information within the intron. The nature of this information is not clear in 
any organism. The short length of many S. pombe introns might restrict their 
possible information content. Whether sequences within introns are important 
for splicing in S. pombe could now be investigated with some of the deletions 
used to sequence the cdc27 gene. 
7.2.3 A comparison of gene structure between S. pombe and S. cerevisiae 
The distribution of introns in S. pombe genes is similar to other fungi such 
Neurospora crassa and Aspergi/us nidulans (Kinnaird and Fincham, 1983; May 
et al. 1987), and to plants and vertebrates (Padgett et a!, 1986). About 
one-half of the S. pombe genes sequenced so far have an intron, and often 
more than one. In contrast, S. cerevisiae genes, with the notable exception of 
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the ribosomal protein genes, rarely contain an intron: only 17 genes out of 
several hundred sequenced contain an intron (Fink, 1987). It has been 
suggested that S. cerevisiae genes have lost their introns by homologous 
recombination with reverse transcribed cDNA5 (Fink, 1987). 
A further conspicuous difference between the two yeasts is in the length of 
the introns. In S. pombe the mean intron length is 72 bases (from Table 5.1, 
Chapter 5) whereas in S. cerevisiae it is 323 bases (Fink, 1987). However, the 
predicted intron in the S. porn/n yho7 gene is 254 bases (M. Miyake and 
M. Yamamoto, personal communication) suggesting that S. pombe can splice 
introns much longer than the average length. This is supported by the finding 
that the 329 base intron of the S. cerevisiae actin gene is spliced in S. pornbg 
albeit inefficiently (Martins and Gallwitz, 1987a). The introns in the cdc27 gene 
of S. porn/n are typical for this yeast: they are short, with a mean length of 63 
bases, and only one is longer than 100 bases (Chapter 5, Table 5.2). In 
S. cerevisiae there appears to be a requirement for a minimum spacing of 
about 40 bases between the 5' splice site and the branch site within the ICS 
(Thompson-Jager and Dom dey, 1987). If there is such a spacing requirement 
for S. pombe introns then it must be considerably shorter than in S. cerevis/aa 
The spacing is 29 and 30nt in two of the ida2 introns (Hiraoka et a4 1984), 
and 19 and 23nt in the sixth and seventh cdc27 introns (Chapter 5, Figure 5.4). 
7.2.4 An ars at the cdc27 locus 
The 3.1kb BamHl-Hindlll fragment containing the cdc27 gene can promote high 
frequency transformation of S. pornbe (Chapter 3, Table 3.5), suggesting that 
there is an autonomously replicating sequence (designated ars27) closely 
linked to the cdc27 gene. However, the distinction between ars and non- ars
mediated transformation is not as clear cut in S. porn/n as it is in 
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S. ceravisiae (Maundrell at a!, 1985). Non-at's plasmids can transform at a 
relatively high frequency (>10 transformants per pg DNA) by rearrangement 
or integration into the genome followed by aberrant excision (Wright at a!, 
1986a). Although the integrity of the plasmids containing the putative ars27 
has not been investigated, the presence of an ars is supported by the DNA 
sequence of the insert which revealed a perfect match to the S. pombe at's 
consensus sequence (Maundrell at a!, 1986) at the 3' end of the cdc27 gene 
(Chapter 5, Figure 5.613). 
In S. carey/side there is convincing evidence that at least some ars elements 
are genuine chromosomal origins of replication (e.g. Brewer and Fangman, 
1987). There is no direct evidence on this point in S. pombe but the 
frequency of occurrence of ars elements is consistent with the presumed 
replicon size of S. pombe (Maundrell at at, 1985). It is possible that some ars 
elements have other functions apart from acting as initiation sites for DNA 
replication. For example, the cis-acting "silencer" sequences required for 
transcriptional repression of the silent mating type loci in S. cerevis/ae are 
closely associated with ars elements (Brand et at, 1985). Regions of at least 
one "silencer" can also activate transcription under certain circumstances 
(Brand at a!, 1987). Therefore, some ars elements may facilitate the 
interaction of transcriptional regulatory proteins with the chromosome, as well 
as replication proteins. It would be of interest to investigate whether ars27 
has a role in the transcriptional regulation of the region of the chromosome 
near the cdc27 gene. This could be done by deleting the at's from the 
chromosome by transplacement using an in vitro modified DNA fragment, and 
quantitating the expression of the cdc27 gene. If expression of the cdc27 
gene were severely affected the ars27 deletion would be expected to be lethal 
and might confer a cdc phenotype. 
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7.3 THE ROLE OF THE cdc27 GENE IN THE G2/M TRANSITION 
73.1 Events leading to the initiation of mitosis 
The G2 phase of the cycle serves to prepare cells for mitosis; proteins 
synthesised during 02 are essential for mitosis and nuclear division (Mitchison, 
1971; Polanshek, 1977). The advancement of cells into mitosis after a 
nutritional shift-down (Fantes and Nurse, 1977) or after shifting ts wee7-50 
cells to the restrictive temperature (Nurse, 1975) argues that cells late in G2 
are competent to enter mitosis but are prevented from doing so by a control 
involving the wee? gene. There are few (if any) gene-controlled events which 
occur in early G2. The transition points of S. pombe cdc mutants defective in 
mitosis cluster around 0.6 to 0.75 of a cycle, with the exception of cdc6 just 
prior to mitosis itself (Nurse et at, 1976; Nasmyth and Nurse, 1981). Therefore, 
most of the 02 phase can be considered to be a period of cell growth when 
the proteins required for mitosis are being accumulated. Towards the end of 
02 a dependent sequence of events is initiated leading to mitosis (Fantes, 
1982). 
Some of the cellular events that occur in the transition from G2 into mitosis in 
S. pombe have been studied. There is circumstantial evidence that the spindle 
pole bodies (SPBs) are replicated just prior to mitosis (King and Hyams, 
1982a,b). The cytoplasmic microtubule arrays (Marks et a!, 1986) are replaced 
by a microtubular mitotic spindle (McCully and Robinow; 1971; Marks et at, 
1986). The chromosomes condense, though not to the same degree as 
mammalian chromosomes, and can be visualised as discrete chromosomes 
(Umesono et at, 1983). The cdc27 gene function is completed prior to these 
events; cdc27 mutants arrest at the restrictive temperature with a single 




(lain 	Hagan, 	personal 	communication). 	The 	dependence 	of 	the 
benomyksensitiVe step on the cdc27 gene-controlled step (Fantes, 1982) 
places the cdc27 gene function before spindle formation, since the intracellular 
target of benomyl is 8-tubulin (Yamamoto, 1980; Hiraoka et a!, 1984). It is 
possible that replication of the SPB is also benomyl-sensitive since cdc2 and 
cdc27 mutants arrest prior to the benomyl-sensitive step and have 
unreplicated SPBs, whereas the cdcl and cdc25 steps are interdependent with 
the benomyl step and the mutants arrest with replicating or replicated SPBs 
(King and Hyams, 1982a). Yanagida et at (1986) have proposed that there are 
at least two independent pathways in mitosis: one pathway leads to the 
formation of a mitotic spindle and a second pathway leads to chromosome 
condensation in preparation for chromosome segregation at anaphase. The 
evidence for these two independent pathways comes from the phenotypes of 
mutants defective in one or other of the pathways. Mutants in DNA 
topoisomerase type 2 
(top2) form a mitotic spindle but the intertwined 
chromosomes fail to condense fully and anaphase fails (Uemura et at, 1987). 
Mutants in $-tubulin (nda3) do not form a mitotic spindle but condensed 
chromosomes are seen in most of the cells at the restrictive temperature 
(Hiraoka at at, 1984). The cdc27 gene product is required before these two 
pathways diverge, as are the cdcl, cdc2 and cdc25 gene products. The cdc13 
gene product is probably required after the two pathways have diverged since 
the mutant cells form condensed chromosomes and a defective septum is 
formed after prolonged incubation at the restrictive temperature (Nasmyth and 
Nurse, 1981). 
One hypothesis consistent with the terminal phenotype of cdc27 mutants is 
that the cdc27 gene product is a component of the SPB, the microtubule 
organising centre embedded in the nuclear membrane. The high frequency 
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with which extragenic suppressors of cdc27 mutations can be isolated 
(Chapter 6, 6.3) suggests that the cdc27 gene product interacts with other 
proteins. The pseudoreversion analysis was initiated with the expectation that 
any extragenic revertants with a conditional phenotype would have the typical 
cdc phenotype (i.e. cell elongation). The single cs revertant isolated 
(csR27-P1 1) did not fulfill this expectation. At the restrictive temperature 
(20 °C or 25 °C) the cells fail to elongate but become swollen, and many cells 
become septated. No bulk grovth is evident even after seven days or longer 
at the restrictive temperature. Further interpretation of this curious phenotype 
will require a careful study of changes in cell morphology after a shift to the 
restrictive conditions. Complex interactions between gene products required 
at different cell cycle stages appear to be more likely as the molecular details 
of the cycle are elucidated. For example, a mutation affecting microtubule 
function specifically during mitosis might give extragenic suppressors with 
pleiotropic effects on cell shape or cytokinesis. Physiological experiments 
using cdc mutants should be interpreted with caution when the nature of the 
gene products are not known. The recent discovery of genetic interactions 
between cdc2 and cdc13 strongly suggest that these two gene products 
physically interact (Booher and Beach, 1987). This interaction was not 
expected from the results of physiological experiments which placed the step 
requiring cdc/3function later than the cdc2 step (Fantes, 1982). 
It is interesting to compare the properties of the cdc27 gene with CDC genes 
of S. cerevis/ae In S. cerevisiae the SPB5 replicate early in the cycle and a 
short spindle is present throughout most of the cycle (Pringle and Hartwell, 
1981; see Figure 1.2). Spindle elongation and nuclear division occur later in 
the cycle. However, unlike S. pombe the chromosomes do not condense 
visibly during the mitotic cycle. If the cdc27 function is required for the 
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duplication of the SPBs then a S. ceravisiae homologue would be expected to 
show either a Cl defect or a defect in spindle formation. The cdc27 gene is 
not a homologue of the S. cerevisiae "start" genes C0C28 CDC36, C0C37 and 
CDC39(Ferguson at at 1987), or the CDC31 and KARl genes required for SPB 
duplication (Baum at al. 1986; Rose and Fink, 1987). However, a function for 
C0C28, the S. cerev/s/ae homologue of the S. pombe cdc2 gene, after its 
function at "start" has been suggested (Piggott at a!, 1982). As the cdc2 and 
cdc27 genes of S. pombe complete their mitotic functions at about the same 
time, it is possible that the S. cerevis/ae homologue of cdc27 would be 
required in G2. It might be possible to isolate a S. cerevisiaa homologue of 
cdc27 by selecting sequences from a S. ceravisiaa gene library that 
complement the cdc27 mutant defect. By constructing mutants of the 
S. ceravisiae homologue it should be possible to determine the point at which 
its function is required in the S. cerevisiae cell cycle. This might also be 
informative about the cellular function of the gene in S. pombe 
The molecular basis of the C2/M transition remains obscure, but there is 
growing evidence that phosphorylation of key proteins is required. The 
identification of the S. pombe cdc2 gene product as a protein kinase (Simanis 
and Nurse, 1986) is the most direct evidence since mutants of cdc2 can 
advance cells into mitosis. In higher cells, proteins such as histone Hi 
(Bradbury at a!, 1974), the non-histone chromosomal proteins HMG-14 and 
HMG-17 (Bharjee, 1981) , and the nuclear lamins (Ottavio and Gerace, 1985), as 
well as other unidentified proteins (e.g. Davis at a!, 1983), all become 
hyper-phosphorylated during mitosis. The advancement of the transition 
points of cdc27 mutants by cdc2w alleles (Chapter 6, 6.2) suggests some 
interaction between the gene products. Finding the substrates of the cdc2 
protein kinase is likely to be the key to understanding the initiation of mitosis 
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in S. pomba The cdc27 protein seems a reasonable candidate as one of the 
substrates. 
7.31 Clues to the biochemical function of the cdc27 gene product 
The deduced amino acid sequence of the cdc27 gene product (Chapter 5, 
Figure 5.9) has some unusual features which suggest that it may be a nuclear 
protein, possibly interacting with chromatin. The high frequency of charged 
residues in the cdc27 protein (35%) is suggestive of electrostatic interactions 
with other charged molecules. Although the cdc27 gene product is not a 
homologue of any known protein, one of the proteins with which it has limited 
sequence similarity is the non-histone chromosomal protein HMG-14 (Chapter 
5, Figure 5.11). This similarity appears to be due, in part, to the high 
frequency of charged residues in both proteins. The HMG-14 and HMG-17 
chromatin proteins replace histone Hi in actively transcribed chromatin and 
interact with negatively charged DNA and positively charged core histones 
(Weisbrod, 1982). 
The cdc27 protein lacks the conserved features found in many sequence 
specific DNA binding proteins: it does not have the "zinc finger" motif found in 
the Xenopus transcription factor lilA (Miller at al. 1985), nor does it have 
homology with proteins containing the helix-turn-helix motif found in many 
prokaryotic and eukarvotic DNA binding proteins (Shepherd at at, 1984; 
Laughton and Scott, 1984). However, there are many proteins which interact 
with DNA or chromatin that lack these sequence motifs. 
The sequences within proteins required for localisation to the nucleus have 
been identified in a number of viral and cellular nuclear proteins; A common 
feature of these nuclear localisation signals is that they consist of a short 
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region of primarily basic amino acids (arginine, H; and lysine, K) and single 
amino acid substitutions can abolish nuclear localisation (reviewed by Smith at 
a/, 1985). The amino acid sequence of the cdc27 protein has two regions with 
predominantly basic amino acids: 180-RKNKK and 270-KRRGKRKVKK (Chapter 5, 
Figure 5.9; the numbers refer to the position of the first residue in the 
sequence). The second of these sequences is extraordinarily basic with 8/10 
basic residues. These sequences are similar to those required for nuclear 
localisation of the SV40 large T antigen (PKKKRKV) and the S. cerevisiae 
histone 2B (GICKRSKA). The presence of these basic sequences in the cdc27 
protein is at least consistent with the protein being located in the nucleus. 
This hypothesis could now be tested using fusion proteins between cdc27 and 
E. co/i -galactosidase, and immunolocalisation of the fusion proteins with 
8-galactosidase antibodies (e.g. Hall at at, 1984). Another possible function 
for these highly basic sequences is that they bind to DNA. Testing this 
hypothesis will require the isolation of the cdc27 protein. 
• A 
	 7.4 MITOTIC CONTROL AND THE TIMING OF THE cdc27-GENE CONTROLLED 
STEP 
7.4.1 Molecular basis of the mitotic control 
As described in Chapter 1, the cdc2 weal and cdc25 genes have been 
implicated in the control operating over the initiation of mitosis. Molecular 
analyses of these genes and their gene products have provided important 
clues to the molecular mechanisms of the mitotic control. 
The deduced amino acid sequence of the cdc2 gene product has homology 
to the family of protein kinases which includes cAMP dependent protein kinase 
and several vertebrate oncogenes (Hindlev and Phear, 1984). The 34kd cdc2 
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protein has protein kinase activity and is itself a phosphoprotein (Simanis and 
Nurse, 1986). Loss of phosphorylation of the cdc2 protein correlates with loss 
of protein kinase activity when nitrogen starved. However, neither the amount 
of the protein nor its overall phosphorylation state appears to vary detectably 
during the cell cycle. This result does not rule out subtle changes in 
phosphorylation pattern or that protein kinase activity is not directly related to 
the gross phosphorylation state. Overexpression of the cdc2 gene does not 
induce mitosis, that is, the cells do not become wee (Durkacz et a!, 1986). 
The weei gene also encodes a putative protein kinase which acts as a 
dosage dependent inhibitor of mitosis; cell size is more or less proportional to 
the number of wee7 genes in the cell (Russell and Nurse, 1987a). 
The cdc25 gene is a mitotic inducer; overexpression of the cdc25 gene 
results in a wee phenotype (Russell and Nurse, 1986). Another gene, n/mit 
was isolated as a suppressor of cdc25 mutations (Russell and Nurse, 1987b). 
The nimt gene product is a putative protein kinase. Like cdc25t 
overexpression of nim7 can induce mitosis to give wee cells. 
Russell and 	Nurse (1987b) 	have 	proposed a model for the 	mitotic 	control 
based on the 	genetic 	interactions 	between these genes 	(Figure 	7.3). 	The 
wee? + and cdc25 + gene products act independently to affect the timing of 
mitosis; the wee phenotypes caused by wee? mutations and overexpression of 
cdc25 are additive, leading to the initiation of mitosis at a very small size 
and lethality due to "mitotic catastrophes" (Russell and Nurse, 1986). It is 
proposed that the weei and cdc25 gene products act independently on the 
cdc2protein kinase, as an inhibitor and an activator respectively. The n/mi t 
protein kinase is proposed to act as an inhibitor of the weei protein kinase 








Figure 71 A model for the mitotic control of S. pambe 
(Taken from Russell and Nurse, 987b). 
M 
The evidence that wee? and cdc25 act through the cdc2 gene product comes 
from the properties of the cdc2w mutants. The cdc2-1w mutants are largely 
insensitive to the inhibition of mitosis by wee7t but still require cdc25 +  
activity to undergo mitosis (Russell and Nurse, 1987a). Conversely, cdc2-3w 
mutants are still sensitive to weei inhibition so that they become larger as 
the wee? gene number is increased, and loss of wee? function (in a cdc2-3w 
weel-50 double mutant) is lethal due to "mitotic catastrophes". The cdc25 t 
activity is not required for cdc2-3w cells to undergo mitosis. Therefore, the 
cdc2 protein can be altered in two different ways to give wee cells: cdc2-1w 
cells are wee because the the altered protein is sensitive to the inducing 
effects of cdc25 but insensitive to the inhibitory effect of wee7, whereas 
the the cdc2-3w protein mimics the effect of the induction normally 
accomplished by cdc25 + so that this function is no longer required. 
7.4.2 The timing of the cdc27 gene-controlled step 
4 
The function of the cdc27 gene is completed about 0.4 of a cycle earlier in 
weel mutant cells and is therefore not directly coupled to the onset of mitosis 
(Fantes, 1983). The preliminary results in Chapter 6 (6.2) indicate that cdc2w 
mutations also enable the cdc27 function to be completed earlier. This finding 
lends support to Russell and Nurse's model that the effects of weel are 
mediated through the cdc2 gene product. However, the cdcl-7 transition 
point is not affected by the cdc2-1w mutation (Fantes, 1983), so there is some 
conflict between the results with cdcl and cdc27 Although wee/-S and 
cdc2w mutant cells are about the same size (Fantes, 1981) there may be 
subtle differences in their cellular phenotypes. For example, weel-S cells have 
a lower viability than cdc2w cells as judged from their appearance on plate 
containing magdala red (personal observation). Therefore, the activity of the 
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cdc2 protein kinase may not be identical in the wee mutants, and the cdcl and 
cdc27 gene products may be differentially sensitive to the altered cdc2 
activity. 
The approximate constancy of the cdc27mRNA levels in wee + and wee cells 
(Chapter 4, 4.2.3) argues against the cdc2 1 or weel gene products acting as 
regulators of transcription or mRNA stability. If there is no translational 
control it can be assumed that the amount of the cdc27 protein is unaffected 
by wee mutations so that the early completion of the cdc27 function in wee 
mutants is not due to an excess of the cdc27 protein. 
One mechanism to explain the effect of wee mutations on the timing of the 
cdc27 gene-controlled step is that the cdc27 protein is a substrate of the 
cdc2 protein kinase and that cdc27+ activity is modified by phosphorylation. 
The effect of cdc2w mutations on the residual divisions of cdc27 mutants at 
the restrictive temperature (Chapter 6, 6.2) is suggestive of some interaction 
between the gene products. Although cdc2-3w mutations do not suppress the 
cdc27 defect to the point of allowing colony formation, they do appear to 
allow some division and cdc2-3w cdc27 double mutants do not have a typical 
cdc phenotype at the restrictive temperature. 
Brizuela et al. (1987) have shown that antibodies against the suc7 gene 
product (a suppressor of certain cdc2 alleles; Hayles et a/, 1986) coprecipitate 
the cdc2 protein along with a set of unknown proteins (about 20) that can 
serve as substrates of the cdc2 protein kinase in vitro It is not known 
whether these proteins are also in vivo substrates of the cdc2 protein kinase, 
but it would be of interest to determine whether the cdc27 protein is one of 
the coprecipitated proteins. It might be possible to investigate this by 
overexpressing the cdc27 gene on a multicopy plasmid and quantitating the 
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intensity of the phosphoprotein bands in the molecular weight range of the 
cdc27 protein. 
It is also possible that the cdc27 protein is not directly acted upon by any of 
the control genes. The advancement of the cdc27 transition point might be a 
consequence of the dependence of the cdc27 step on some previous step 
directly regulated by the control genes. It could be argued that this model is 
more likely for the cdcl gene-controlled step since the reciprocal shift 
experiments (Fantes, 1982) suggest that the in wild-type cells the cdc2 and 
cdc27 steps are completed before the cdcl step. 
7.5 CONCLUSION 
Since the start of the work described in this thesis, the study of the cell cycle 
in S. pombe has entered a new and exciting phase. Four cell cycle control 
genes have been isolated and it is clear that protein phosphorVlation is a key 
cell cycle regulatory mechanism. A number of important questions remain to 
be answered. How are cell size and nutritional status are monitored? What 
are the substrates of the cdc2 protein kinase and what are their biochemical 
functions? Is the mechanism of cell cycle control in S. pombe applicable to 
other organisms? 
This thesis has described the isolation and characterisation of the cdc27 gene. 
The deduced amino acid sequence of the cdc27 gene product is not a 
homologue of any known protein and its biochemical function remains 
obscure. To understand the function of the cdc27 gene in the S. pombe cell 
cycle it will be necessary to investigate the biochemical properties of the 
cdc27 protein. This can be approached in two ways. Firstly, antibodies raised 
against a synthetic peptide corresponding to part of the deduced amino acid 
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sequence of the cdc27 protein could be used as a probe for the protein. This 
would enable some of the predictions made in this thesis about the properties 
of the cdc27 protein to be tested. For example, the phosphorylation state of 
the cdc27 protein could be investigated in wild-type and wee mutant cells. 
Antibodies could also be used to determine the intracellular location of the 
protein, which might be informative about its function. For example, if the 
protein colocalises with DNA this would suggest that the cdc27 protein 
interacts with chromatin, possibly by binding to DNA directly. Secondly, the 
biochemical properties of the cdc27 protein could be investigated by isolating 
the protein in a pure form. This could be done by overexpressing the gene 
under the control of a strong promoter in S. pombg or the introns could be 
removed from the gene and the cDNA expressed in E. co/i With a pure 
protein, properties such as DNA binding could be studied in vitro 
Perhaps the most important discovery in recent years has been the 
identification of human homologues of the cdc2 and suci gene products (Lee 
and Nurse, 1987; Draetta et al. 1987). A human cdc2 homologue has been 
isolated by complementation of a S. pombe cdc2 mutant (Lee and Nurse, 
1987). In principle, this method should be applicable to any of the S. pombe 
cell cycle genes, including cdc27 Although yeasts are a powerful model 
system in which to investigate cell cycle genetics, studying the biochemistry 
of mitosis may be easier in higher cells. At least some of the events of 
mitosis can be studied in vitro with extracts from Xenopus eggs (Newport and 
Spann, 1987). This suggests a novel strategy for investigating mitosis. Higher 
cell homologues of yeast cdc (or nc/a or cut) genes could be isolated by - 
complementation in yeast. The biochemical function of the gene products 
might be fruitfully studied in an in vitro system such as the one described 
from Xenopua 
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